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longitudinal  properties  or the  composites  developed  were  in  agreement  with  the 
simple  rule  of  mixtures.  The  transverse  composite  properties  were  dependent  on 
ribbon  aspect  ratio  and  the  ribbon  stacking  pattern.  \  Using  high  aspect  ratio 
ribbon,  a  strength  ratio,  a22/°ll»  °f  0.76  and  modules  ratio,  Ejjj/Ejj  of  1.0 
were  achieved.  _ ^ ^ 

A  broad  spectrum  of  composite  properties  was  also  investigated  using  high  aspect 
ratio  ribbon  and  a  simple  stacking  pattern.  Typical  composite  properties  at  0.60 
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mechanical  properties. 
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resins  are  not  competitive  on  a  specific  modulus  basis.  Due  to  the  relatively 
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magnetic  properties  offered  by  the  ribbons  may  result  in  some  unique  composite 
applications. 
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SUMMARY 


Commercially  available  amorphous  natal  ribbons  ware  aaaaaaad  from  the 
standpoint  of  mechanical  properties  and  aspect  ratio,  and  Metglas  alloy  2826  MB 
was  selected  as  the  optimum  ribbon  for  reinforcing  resin  matrices.  Several  lots 
of  ribbon  material  were  purchased  which  exhibited  uniform  cross  sections  and 
strengths  in  the  range  of  2550-2900  MPa  (370-420  ksi).  Exposure  of  the  ribbon 
to  temperatures  of  200°C  (390°F)  or  greater  decreased  the  ribbon  tensile  strength. 
For  this  reason,  a  limitation  on  matrix  cure  temperature  of  177°C  (350°F)  was 
dictated.  The  ribbon  elastic  modulus  was  165  GPa  (24  Msi) . 

Liquid  epoxies  and  epoxy  based  adhesive  films  were  assessed  as  possible 
matrix  candidates.  The  adhesive  films  exhibited  an  order  of  magnitude  higher 
ribbon/matrix  bond  strength  than  the  liquid  resins.  Subsequently,  a  series  of 
epoxy  based  adhesive  films  were  evaluated.  Based  on  determinations  of  ribbon/ 
matrix  bond  strength,  laminate  interlaminar  shear  strength,  and  ease  of  fabri¬ 
cation,  FM-1000,  an  epoxy-nylon,  was  selected  as  the  matrix  material.  It  was 
demonstrated  that  surface  preparation  using  active  chemical  formulations  offered 
no  significant  advantages  over  solvent  cleaning  in  obtaining  high  ribbon/matrix 
bond  strengths  when  using  FM-1000. 

Composite  construction  parameters  were  investigated  using  ribbon  material 
3.18,  6.35,  and  13  mm  (0.125,  0.25,  and  0.51  in.)  wide  having  aspect  ratios  of 
93,  155,  and  380  respectively.  Critical  transfer  lengths  were  determined  for 
the  ribbon/matrix  combinations,  and  a  series  of  ribbon  stacking  patterns  were 
defined.  It  was  found  that  the  composite  transverse  elastic  modulus  depended 
primarily  on  the  ribbon  aspect  ratio.  Modulus  ratios,  E22/Ell*  of  approximately 
0.8,  0.9  and  1.0  were  obtained  with  ribbon  aspect  ratios  of  93,  155,  and  380 
respectively.  The  experimental  values  were  In  close  agreement  with  those  cal¬ 
culated  using  the  Halpin-Tsai  equations.  The  transverse  composite  tensile 
strength  was  primarily  a  function  of  the  ribbon  stacking  pattern  when  the  ribbon 
overlap  was  maintained  greater  than  the  critical  transfer  length.  It  was  demon¬ 
strated  that  the  transverse  composite  strength  was  Increased  by  altering  the 
stacking  pattern  to  Increase  the  number  of  ribbon  fractures.  Using  the  13  nan 
(0.51  in.)  ribbon,  a  strength  ratio,  022/°ll>  of  0.76  was  achieved.  The  actual 
composite  transverse  tensile  strength  was  1120  MPa  (163  ksi).  Comparison  with 
theoretical  expressions  demonstrated  that  the  transverse  strength  could  be  pre¬ 
dicted  from  an  assumed  composite  fracture  mode  based  on  a  knowledge  of  the 
critical  transfer  length  and  the  lay-up  pattern  utilized.  Upper  bound  values 
on  transverse  composite  strength  were  also  calculated  using  an  expression  derived 
from  uniaxially  aligned  short  fiber  theory. 
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Based  cm  the  results  of  the  construction  parameter  study,  a  broad-based 
assessaent  of  coaposlte  physical  and  mechanical  properties  was  performed  for 
composites  constructed  with  high  aspect  ratio  ribbon  In  a  simple  stacking 
pattern.  A  4  kg  lot  of  2826  MB  material  was  obtained  for  this  study  characterized 
by  a  width  of  13.2  on  (0.S2  in.)  and  an  aspect  ratio  of  305.  Tensile  tests  on 
ribbon  sections  removed  throughout  composite  fabrication  Indicated  an  average 
ribbon  tensile  strength  of  2570  MPa  (373  ksi).  The  data  determined  in  the 
material  property  assessment  are  summarized  in  the  following  paragraphs. 

Determination  of  the  ribbon  thermal  expansion  behavior  showed  that  the  on¬ 
set  of  crystallization  was  marked  by  a  decrease  in  specimen  volume  and  occurred 
at  400°C.  The  average  ribbon  coefficient  of  thermal  expansion  over  the  tempera¬ 
ture  range  of  25-170°C  was  11.2  x  10-6  °C“1. 

The  composite  thermal  expansion  behavior  was  determined  over  a  similar 
temperature  range  as  a  function  of  ribbon  orientation.  The  in-plane  coefficient 
of  thermal  expansion  was  relatively  isotropic  and  averaged  12.7  x  10~6  °C_1. 

The  composite  interlaminar  shear  strength  was  determined  as  47.1  MPa 
(6830  psi)  at  21°C  (70°F).  A  dramatic  decrease  in  interlaminar  shear  strength 
to  2.56  MPa  (371  psi)  was  reported  at  82°C  (180°F).  Observations  of  load- 
deflection  curves  and  specimen  deformation  modes  indicated  that  the  resin  was 
extensively  softened  at  82°C  (180°F). 

The  tensile  properties  of  composites  were  investigated  as  a  function  of 
ribbon  orientation,  test  temperature,  and  ribbon  overlap  pattern.  Determination 
of  the  room  temperature  elastic  properties  showed  that  the  longitudinal  elastic 
modulus  could  be  closely  approximated  by  a  rule  of  mixtures  calculation.  The 
composite  modulus  with  the  ribbons  oriented  at  45°  and  90°  to  the  tensile  axis 
was  shown  to  vary  widely.  This  was  related  to  the  positioning  of  strain  gages 
relative  to  the  surface  gaps  between  ribbons,  and  indicated  Lhat  nonuniform 
deformation  occurred  along  the  specimen  length  when  testing  in  these  orienta¬ 
tions.  Specifically,  the  gap  regions  exhibited  greater  deformation  at  equiva¬ 
lent  loads. 

The  longitudinal  tensile  strength  could  also  be  approximated  by  the  rule 
of  mixtures,  but  by  assuming  a  ribbon  strength  of  2900  MPa  (420  ksi).  This  is 
considerably  greater  than  the  average  ribbon  tensile  strength  determined. 

The  ratio  of  transverse  tensile  strength  to  longitudinal  tensile  strength 
was  closely  predicted  from  the  percentage  of  ribbons  failed  in  the  fractured 
composite  cross  sections.  The  transverse  tensile  strength  was  significantly 
reduced  as  a  function  of  increased  test  temperature.  At  82°C  (180°F),  55Z  of 
the  room  temperature  strength  was  retained  for  a  simple  overlap  pattern,  whereas 


only  26Z  of  the  room  temperature  strength  wee  retained  for  a  more  complex  over¬ 
lap  pattern.  The  dependence  on  overlap  pattern  was  related  to  increased  critical 
overlap  requirements  as  bond  strength  decreased.  This  was  correlated  with  in¬ 
creased  susceptibility  for  ribbon  pullout  in  lieu  of  ribbon  fracture  during 
tensile  testing. 

With  ribbons  oriented  at  45°  to  the  tensile  axis,  tensile  strength  at  room 
temperature  was  strongly  affected  by  ribbon  overlap.  For  a  simple  overlap 
pattern,  the  ratio  of  45°  tensile  strength  to  the  transverse  tensile  strength 
was  1.0,  while  for  the  more  complex  pattern,  this  ratio  was  1.31.  This  difference 
was  related  to  a  change  in  fracture  plane  as  a  function  of  ribbon  overlap.  At  ele¬ 
vated  test  temperature,  significant  reductions  in  tensile  strength  were  observed. 

At  82°C  (180°F),  47%  of  the  room  temperature  tensile  strength  was  retained  for 
the  simple  overlap  pattern,  and  32%  of  the  room  temperature  tensile  strength 
was  retained  for  the  complex  overlap  pattern.  These  results  were  correlated 
with  increased  susceptibility  to  ribbon  pullout  for  the  simple  overlap  pattern, 
while  both  a  change  in  fracture  plane  as  well  as  increased  pullout  susceptibility 
occurred  for  the  complex  overlap  pattern. 

The  transverse  tensile  strength  was  unaffected  after  thermal  cycling  com¬ 
posites  between  room  temperature  and  82°C  (180°F)  a  total  of  500  times.  However, 
exposure  to  95%  relative  humidity  at  60°C  (140°F)  was  shown  to  decrease  com¬ 
posite  transverse  tensile  strength  by  more  than  80%. 

The  longitudinal  and  transverse  compression  strengths  were  found  to  be  only 
60%  of  the  respective  composite  tensile  strengths.  This  difference  was  attributed 
to  a  buckling  failure  mode  in  compression. 

The  results  of  tension-tension  fatigue  testing  at  room  temperature  indi¬ 
cated  that  the  fatigue  resistance  of  the  composites  was  low.  The  106  cycle  fatigue 
liait  was  defined  at  maximum  fatigue  stress  levels  which  were  less  than  20%  of 
the  composite  static  strength.  Failure  modes  were  similar  to  those  observed 
for  static  tensile  testing,  although  some  delamination  was  evident  for  the 
longitudinal  ribbon  orientation. 

Composite  Impact  resistance  and  fracture  toughness  were  assessed  utilizing 
the  instrumented  impact  test.  It  was  shown  that  the  energy  absorbed  per  net 
section  area  was  not  strongly  affected  by  test  geometry  as  in  the  case  of  fiber 
reinforced  composites.  A  comparison  of  longitudinally  reinforced  composites 
with  unreinforced  metals  tested  similarly  showed  that  for  standard  size  notched 
Charpy  specimens  (b  -  W  -  10  mm) ,  the  composite  impact  energy  was  10  joules  while 
Impact  energies  of  18  joules  and  23  joules  are  associated  with  6061- T6  aluminum 
alloy  and  T1-6A1-4V  respectively.  Calculation  of  Kid  values  from  the  load- 
deflection  traces  indicated  that  the  fracture  toughness  of  the  composite  as 
measured  by  this  parameter  was  equivalent  to  that  of  6061-T6  aluminum  alloy. 
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Finally,  determination  of  room  temperature  transverse  creep  and  stress  rup¬ 
ture  properties  showed  a  creep  rate  of  8.0  x  10~6  hr”1  and  rupture  life  in 
excess  of  100  hr  at  a  stress  level  equal  to  90%  of  the  composite  ultimate  tensile 
strength. 
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I.  INTRODUCTION 


Ribbon  reinforced  composites  possess  a  unique  set  of  properties  which  can 
offer  specific  advantages  when  compared  to  fiber  reinforced  composites.  Hie  po¬ 
tential  for  this  class  of  composites  has  been  demonstrated  in  several  investi¬ 
gations  utilizing  ribbon  reinforced  metal  matrix  systems  (Refs.  1-8)  and  ribbon 
reinforced  resin  matrix  systems  (Refs.  9-15).  However,  the  development  and 
practical  application  of  ribbon  reinforced  composites  has  progressed  very  slowly 
due  to  the  absence  of  a  low  cost  high  performance  ribbon  material. 

The  primary  structural  advantage  offered  by  the  use  of  ribbons  as  the  rein¬ 
forcing  phase  in  composites  is  demonstrated  in  Table  1.  The  mechanical  proper¬ 
ties  typical  of  unidirectionally  reinforced  fiber  composites  are  listed  and 
compared  with  several  ribbon  reinforced  composites.  It  may  be  seen  that  while 
fiber  reinforced  composites  exhibit  excellent  axial  properties,  the  transverse 
properties  are  significantly  reduced  resulting  in  transverse  to  longitudinal 
property  ratios  less  than  0.1.  The  ribbon  reinforced  composites  offer  an  order 
of  magnitude  improvement  In  the  transverse  to  longitudinal  property  ratio.  In 
the  case  of  the  E-glass  reinforced  resins,  this  improvement  is  observed  while 
axial  properties  equivalent  to  the  fiber  reinforced  composite  are  maintained. 

The  degree  of  isotropy  of  the  in-plane  mechanical  properties  of  unidirectionally 
reinforced  ribbon  composites  is  controlled  by  the  ribbon  width  to  thickness 
ratio,  w/t.  If  this  ratio  is  sufficiently  high*  virtually  isotropic  properties 
are  achieved.  In  contrast,  in-plane  isotropy  in  fiber  reinforced  systems  is 
achieved  through  multi-directional  lay-up  patterns  such  as  [0,  +45,  90]n.  Thus, 
although  a  similar  degree  of  isotropy  may  be  achieved  in  a  fiber  reinforced 
composite,  it  is  achieved  at  a  significant  loss  in  axial  properties. 

In  spite  of  the  structural  advantage  offered  by  the  use  of  ribbons  as 
reinforcement,  several  factors  have  impeded  their  use.  The  primary  problem  has 
been  the  lack  of  a  low  cost  process  to  consistently  produce  high  performance 
ribbon  material.  The  optimum  performance  on  a  specific  property  basis  is  offered 
by  the  reinforcements  listed  in  Table  1.  These  materials,  however,  being 
ceramics  and  glasses  exhibit  the  classic  "size  effect"  problem  characteristic 
of  brittle  materials  so  that  wide  ribbons  can  not  be  consistently  produced  having 
the  seas  strength  or  strength  variation  aquivalant  to  the  fiber  form.  For 
example,  the  glass  ribbons,  utilized  in  the  investigation  referenced  in  Table  1 
were  produced  under  carefully  controlled  casting  conditions,  were  chemically 
etched  to  remove  surface  defects,  and  were  handled  with  extreme  care  prior  to 
fabrication.  The  expense  and  impracticality  of  such  a  manufacturing  process 
outweigh  the  structural  advantages  achieved. 
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Because  of  Che  size  effect  problem  associated  with  ceramics  and  glasses  , 
several  investigators  turned  to  the  use  of  metals  in  ribbon  form  as  the  rein¬ 
forcement  in  resin  matrices.  The  results  from  several  investigations  (Refs. 
9,10,12)  are  presented  in  Table  2.  Excellent  transverse  to  longitudinal 
property  ratios  are  demonstrated  in  these  data.  The  cold  rolled  carbon  steel/ 
epoxy  system  offers  an  axial  strength  of  1210  MPa  (175  ksi),  transverse  strength 
of  724  MPa  (105  ksi),  and  essentially  isotropic  modulus  near  1176  GPa  (17  Msi). 
This  composite  system  was  used  in  the  fabrication  of  80  mm  (3.15  in.)  diameter 
pipe. 

The  discovery  of  amorphous  metal  alloys  and  their  ability  to  be  continu¬ 
ously  cast  has  presented  the  composite  scientist  with  a  unique  reinforcement 
which  offers  several  advantages  with  respect  to  other  metallic  reinforcements. 
Amorphous  metals  have  specific  strengths  significantly  higher  than  that  offered 
by  cold  rolled  steel  alloys.  The  cold  rolled  steels  have  an  upper  limit  on 
specific  strength  of  approximately  31.3  x  10 3  m  while  iron  base  amorphous  metal 
alloys  have  exhibited  specific  strengths  of  49.9  x  103  m.  In  spite  of  their 
very  high  strength  and  amorphous  structure,  amorphous  metal  alloys  do  not 
exhibit  the  "size  effect"  characteristic  of  ceramics  and  glasses.  In  ribbon 
form,  these  materials  are  easily  handled  and  can  actually  be  crimped  before 
failure  occurs.  Other  possible  advantages  depending  on  composition  are  excel¬ 
lent  corrosion  resistance  and  unusual  magnetic  softness.  Finally,  fabrication 
of  amorphous  metal  ribbon  is  in  principle  a  low  cost  forming  process  since  the 
shaping  process  is  opposed  by  shear  resistance  of  a  liquid  rather  than  a  solid 
as  in  drawing  or  rolling  operations.  Estimates  of  the,  intrinsic  cost  of  pro¬ 
ducing  amorphous  metal  ribbons  are  on  the  order  of  $l/kg. 

Two  investigations  concerning  the  use  of  amorphous  metal  ribbons  as  the 
reinforcement  for  resin  matrices  were  previously  performed  within  United  Tech¬ 
nologies  Corporation  (Refs.  13,14).  The  longitudinal  and  transverse  properties 
obtained  are  listed  in  Table  2.  Although  the  transverse  to  longitudinal 
modulus  ratio  was  improved  with  respect  to  fiber  reinforced  resins,  the  trans¬ 
verse  to  longitudinal  strength  ratio  was  not  improved.  The  high  strength  ratios 
exhibited  by  the  other  metal  ribbon  reinforced  systems  listed  in  Table  2  were 
not  achieved.  The  reason  for  these  results  were  twofold.  The  primary  reason 
was  the  lack  of  high  aspect  ratio  ribbon  at  the  time  the  investigations  were 
carried  out.  Production  of  amorphous  metal  ribbon  was  still  on  an  experimental 
basis  and  only  ribbons  approximately  1.0  mm  wide  with  an  aspect  ratio  of  25 
were  available.  Secondly,  the  bond  strengths  of  the  ribbons  to  the  matrices 
selected  were  very  low.  These  two  factors  contributed  to  the  relatively  low 
composite  performance. 

Recent  advances  in  processing  have  led  to  the  production  of  amorphous  metal 
ribbons  on  a  continuous  basis  up  to  50  mm  (2.0  in.)  wide  with  aspect  ratios  ap¬ 
proaching  1000.  These  advances  have  presented  the  composite  materials  scientist 
with  a  source  of  high  performance  ribbon  material  which  is  potentially  low  cost. 
It  was  the  objective  of  this  research  program  to  evaluate  the  performance  of  cur¬ 
rently  available  amorphous  metal  ribbons  as  the  reinforcement  in  resin  matrix 
composites. 


II.  RESULTS  AND  DISCUSSION 


A.  Selection  of  Amorphous  Ms Cal  Ribbon 

1.  Evaluation  of  Available  Ribbon  Materials 


Since  it  was  directed  that  commercially  available  ribbon  material  be  uti¬ 
lized  in  the  program,  only  Allied  Chemical  Corporation  was  in  a  position  to  be 
a  ribbon  supplier.  Other  companies  such  as  General  Electric,  Westinghouse 
Electric,  and  Allegheny  Ludlum  Industries  were  also  involved  in  amorphous  metal 
ribbon  fabrication  but  only  in  experimental  quantities. 


As  a  first  step  in  the  ribbon  selection  process,  an  assessment  of  the  min¬ 
imum  ribbon  aspect  ratio  desired  was  made.  The  primary  consideration  was  that 
the  ribbon  aspect  ratio  be  sufficiently  high  to  allow  the  composite  in-plane 
properties  to  approach  isotropy.  The  composite  elastic  moduli  may  be  predicted 
utilizing  the  micromechanice  analysis  of  Halpin  and  Thomas  (Refs.  16,17).  Their 
treatment  yielded  the  following  expressions: 


1.  E 
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En  VD  +  E  V 
R  R  mm 


2.  E22/Em  -  (1  +  £  n  VR)/(1  -  n  Vp) 


3*  n  -  <VEm  -  l>/<VEm  +  0 

where  Ej^  and  E*2  are  axial  and  transverse  composite  moduli 
ER  is  the  ribbon  modulus 
is  the  matrix  modulus 

Vr  and  Vm  are  ribbon  and  matrix  volume  fraction  respectively 
£  is  a  reinforcement  geometry  factor. 


For  the  prediction  of  the  transverse  modulus  of  a  ribbon  reinforced  composite, 

£  ■  2  (w/t)  where  w/t  is  the  ribbon  aspect  ratio.  Using-  these  relationships, 
plots  of  E22/E11  vs  ribbon  aspect  ratio  were  generated  for  various  ratios  of 
Er/Ebi  and  Vr  ■  0.4,  0.5,  and  0.6.  As  shown  in  Fig.  1,  the  most  dramatic  gains 
in  transverse  properties  are  achieved  up  to  an  aspect  ratio  of  100.  It  can  also 
be  discerned  that,  for  a  given  ratio  of  E22/Ellt  a  greater  ribbon  aspect  ratio 
is  required  for  systems  having  greater  Er/E,,,.  In  other  words,  lower  modulus 
matrix  systems  require  a  greater  ribbon  aspect  ratio  to  achieve  the  same  degree 
of  isotropy  as  higher  modulus  matrix  systems.  Ribbon  volume  fraction  does  not 
strongly  affect  the  transverse /longitudinal  property  ratio,  but  it  will  have 
a  strong  effect  on  absolute  properties.  For  the  ribbon  materials  under  consid¬ 
eration,  an  upper  limit  of  165  GPa  (24  x  106  psi)  was  placed  on  ribbon  elastic 
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modulus  after  discussions  with  L.  Davis  of  Allied  Chemical  Corporation.  Assuming 
a  matrix  modulus  of  3.45  GPa  (0.5  x  106  psi)  and  50%  ribbon  volume  fraction,  a 
plot  of  E22  vs  ribbon  aspect  ratio  was  generated  (Fig.  2).  The  transverse  com¬ 
posite  modulus  increases  from  41.7  to  75.9  GPa  (6.0  to  11.0  Msi)  as  the  aspect 
ratio  increases  from  10  to  100.  A  further  increase  in  aspect  ratio  to  200  only 
increases  the  transverse  modulus  to  80  GPa  (11.6  Msi).  The  modulus  ratio, 

E22/Eh»  equals  0.9  at  aspect  ratio  of  100.  It  was  concluded  that  a  ribbon 
aspect  ratio  of  100  represented  a  reasonable  target  value  from  the  standpoint  of 
composite  elastic  modulus. 

A  similar  assessment  was  then  made  of  the  effect  of  ribbon  aspect  ratio  on 
composite  tensile  strength.  The  composite  tensile  strength  may  be  predicted 
from  the  following  relations  (Ref.  18): 

°U  °R  VR+amVm 

°22  -  °m  Vm  +  aR  VR  (1  -  £t/w) 

where  Ojj  and  o22  are  the  composite  axial  and  transverse  tensile  strengths 

oR  is  the  ribbon  tensile  strength 

am  is  the  matrix  tensile  strength 

V„  and  V  are  ribbon  and  matrix  volume  fractions 
k  m 

W  is  the  ribbon  width 

£t  is  the  critical  transfer  length. 

The  equation  for  o22  is  derived  assuming  that  the  transverse  cross  section  of  a 
ribbon  reinforced  composite  is  equivalent  to  an  uniaxially  aligned  short  fiber 
composite.  Further,  constant  interface  shear  stress  and  linear  transfer  of 
stress  from  matrix  to  ribbon  is  assumed.  The  critical  transfer  length,  it,  is 
given  by  it  =  agt/2x  where  t  is  the  ribbon  width  and  t  is  the  shear  strength  at 
the  matrix-ribbon  interface.  Using  these  relationships,  plots  of  022/011  vs 
ribbon  aspect  ratio  were  generated  for  several  values  of  ribbon  to  matrix  bond  shear 
strength  (Fig.  3).  This  plot  shows  that  for  a  bond  strength  of  41.4  MPa  (6.0  ksi) , 
a  ribbon  aspect  ratio  of  100  would  yield  a  transverse  to  longitudinal  strength 
ratio  of  approximately  0.7.  Note  for  lower  values  of  bond  strength,  the  ribbon 
aspect  ratio  required  to  give  similar  022/°li  ratios  increases  dramatically. 

Since  typical  resin  to  metal  adhesive  bond  strengths  generally  do  not  exceed 
41.4  MPa  (6.0  ksi),  this  plot  indicates  that  a  ribbon  aspect  ratio  of  100  is 
the  minimum  which  should  be  considered  to  achieve  a  reasonable  degree  of  isotropy. 

The  results  of  these  two  analyses  Indicated  that  a  ribbon  aspect  ratio  of 
at  least  100  was  required  to  achieve  reasonably  high  transverse  to  longitudinal 
mechanical  property  ratios.  A  list  of  the  commercially  available  amorphous  metal 
ribbon  materials  was  obtained  from  Allied  Chemical  Corporation  and  is  shown  in 
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Table  3.  Note  that  alloys  2826,  2826  MB,  and  2605  SC  are  available  in  aspect 
ratios  greater  than  100.  The  alloy  2826  MB  offers  a  considerable  advantage  In 
mechanical  properties  and  thus  Is  preferred.  It  should  also  be  mentioned  that 
the  titanium  base  alloy  2204  possesses  the  highest  specific  properties,  and 
would  be  the  optimum  ribbon  selection  were  it  not  for  the  very  low  aspect  ratio 
currently  available. 

Based  on  these  results,  alloy  2826  MB  was  selected  as  the  ribbon  material 
for  the  program.  Several  lots  of  this  material  were  purchased  throughout  the 
program.  A  listing  of  the  various  lots  purchased  is  presented  in  Table  4  and  a 
comment  as  to  the  ribbon  use  is  included. 

2.  Evaluation  of  2826  MB  Ribbon  Mechanical  Properties 
a.  Materials  and  Tensile  Test  Procedure 

The  initial  lot  of  ribbon  ordered  from  Allied  Chemical  was  utilized  to 
characterize  the  ribbon  mechanical  behavior.  The  as-cast  ribbon  width  was  25.4 
mm  (1.0  in.).  The  parent  ribbon  was  subsequently  slit  to  6.35  mm  (0.25  in.) 
width  by  a  vendor  retained  by  Allied.  This  yielded  four  sections  of  ribbon 
which  were  wound  on  reels  and  identified  with  respect  to  transverse  position  in 
the  25.4  mm  (1.0  in.)  parent  ribbon.  The  reels  were  labeled  1-4  as  a  sequence 
from  one  ribbon  edge  to  the  other.  The  average  ribbon  cross  sectional  areas 
were  calculated  from  the  weight  of  ribbon  sections  of  a  given  length  and  a  known 
density  of  8.02  gm/cm3.  This  data  is  listed  in  Table  5.  Note  that  the  ribbon 
aspect  ratio,  w/t,  determined  from  these  measurements  is  approximately  160. 
Metallographic  examination  showed  that  the  ribbon  thickness  varied  considerably 
over  a  given  cross  section  (Fig.  4). 

Specimens  having  a  50  mm  (2,0  in.)  gage  length  were  cut  from  each  reel  and 
tensile  tested  at  a  constant  crosshead  speed  of  0.127  mm/min  (0.005  in. /min). 
Critical  alignment  was  maintained  by  utilizing  a  slide  tray  fixture  in  which 
both  the  specimen  and  grips  were  mounted  prior  to  testing.  To  calculate  the 
tensile  strength,  the  average  ribbon  cross  sections  listed  in  Table  5  were 
utilized. 


b.  Tensile  Strength  of  As-Received  Ribbon 

The  ultimate  tensile  strengths  determined  for  the  ribbons  utilizing  the 
described  procedure  are  plotted  in  Fig.  5  as  a  function  of  cumulative  percent 
failed.  It  is  evident  that  a  significant  variation  in  average  tensile  strength 
was  associated  with  position  in  the  original  parent  ribbon.  Ribbons  taken  from 
the  center  of  the  parent  (reels  2  and  3)  were,  on  the  average,  significantly 
weaker  than  those  taken  from  the  outer  edges  (reels  1  and  4).  The  standard 
deviation  in  strength  values  was  in  the  range  of  10-15%. 
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c.  Effect  of  Gage  Length  on  Tensile  Strength 

The  possible  effect  of  ribbon  gage  length  on  tensile  properties  was  inves¬ 
tigated  utilizing  the  higher  strength  ribbon  from  reels  1  and  4.  Specimens  having 
gage  lengths  of  50.8,  127  and  254  mm  (2.0,  5.0,  and  10.0  in.)  were  tensile  tested 
as  described  previously.  The  results  are  presented  in  Fig.  6  as  a  plot  of  ten¬ 
sile  strength  vs  cumulative  percent  failed.  It  is  apparent  that  the  ribbon  is 
not  sensitive  to  gage  length  over  the  range  measured.  The  data  appear  to  fall 
into  a  bimodal  format  with  one-third  of  the  population  failing  at  tensile  stresses 
below  1900  MPa  (275  ksi)  and  the  other  two-thirds  above  that  value. 

It  had  originally  been  expected  that,  for  two  reasons,  there  might  be  a 
gage  length  effect.  First,  statistically,  it  is  expected  that,  if  failure  is 
controlled  by  the  presence  of  a  distributed  population  of  initiation  sites, 
the  longer  gage  length  would  generally  fail  at  lower  stresses.  This  would  be 
particularly  true  of  a  material  with  the  large  spread  in  strength  observed  in 
Fig.  6.  Because  of  the  uniform  state  of  stress  applied  in  the  tensile  test,  it 
would  make  no  difference  if  the  strength  controlling  flaws  were  located  through¬ 
out  the  ribbon  bulk,  only  on  the  surface,  or  in  the  extreme,  only  on  the  outer 
edges.  In  each  of  these  cases,  the  lack  of  dependence  on  gage  length  is  unexpected. 

A  second  gage  length  effect  could  relate  to  the  probability  of  initiating 
failure  from  the  ribbon  edges.  A  longer  gage  length  would  tend  to  minimize  any 
nonaxiality  in  the  test  and  thus  reduce  the  tendency  for  edge  initiated  fracture. 
This  type  of  an  effect  would  tend  to  increase  ribbon  strength  with  increasing 
gage  length. 

d.  Effect  of  Elevated  Temperature  Exposure  on  Ribbon  Tensile  Strength 

The  crystallization  temperatures  of  commercially  available  amorphous  ribbons 
are  in  the  range  of  400-500°C  (752-932°F).  Degradation  of  tensile  properties  is 
usually  observed  at  considerably  lower  temperatures.  Since  the  present  program 
is  concerned  with  resin  matrix  composite  applications,  exposure  temperatures  of 
200,  300,  and  400°C  (392,  572,  and  752°F)  were  selected.  These  would  cover  the 
maximum  temperature  ranges  expected  for  composite  fabrication  utilizing  thermo¬ 
setting  and  thermoplastic  matrices.  Tensile  specimens  from  reel  #1  were  exposed 
for  2  hrs  at  these  temperatures  under  argon  atmosphere.  The  tensile  strengths 
determined  at  room  temperature  as  a  function  of  elevated  temperature  exposure 
are  plotted  in  Fig.  7. 

It  is  evident  from  this  plot  that  elevated  temperature  exposure  signifi¬ 
cantly  reduces  the  ribbon  tensile  strength.  After  200°C  (392°F)  exposure,  the 
ribbon  tensile  strength  is  reduced  15%  with  respect  to  the  as-received  value. 

After  300°C  (572°F)  exposure,  a  25%  reduction  in  strength  is  observed.  It  is 
also  noted  that  ribbons  exposed  to  300  and  400°C  (572  and  752°F)  were  sufficiently 
embrittled  to  cause  the  gage  sections  to  explode  at  failure  in  the  tension  test. 
These  results  suggest  that  fabrication  procedures  utilizing  similar  time  cycles 
will  be  limited  to  approximately  200°C. 


e.  Variation  in  Tensile  Strength  as  a  Function  of  Reel  Position 


The  tensile  strengths  of  the  as-received  ribbon  reported  in  Fig.  5  were 
signlficsntly  lover  than  projected  by  Allied  Chemical  for  ribbon  of  this  compo¬ 
sition.  An  average  tensile  strength  of  at  least  2410  MPa  (350  ksi)  had  been 
anticipated  while  the  best  average  strength  measured  was  1920  MPa  (278  ksi). 

Two  hypotheses  to  explain  the  observed  results  were  considered. 

The  first  hypothesis  concerned  the  possibility  that  edge  defects  introduced 
during  the  slitting  operation  reduced  the  axial  tensile  strength.  Observations 
in  the  SEM  showed  that  the  slit  edges  contained  considerably  more  defects  than 
as-cast  edges.  As  shown  in  Fig.  8,  the  cast  edge  is  relatively  smooth  with  some 
protuberances  while  the  slit  edge  contains  a  considerable  number  of  irregular 
voids,  presumably  a  result  of  the  brittle  fracture  mode  induced  during  the 
slitting  operation.  Such  defects  could  act  as  sites  for  premature  failure 
initiation.  Thus,  a  ribbon  with  two  slit  edges  would  have  a  higher  probability 
for  low  strength  failure  than  a  similar  gage  length  ribbon  with  only  one  slit 
edge.  Although  this  is  a  plausible  argument  which  supports  the  data  in  Fig.  5, 
subsequent  testing  produced  a  contradictory  result.  As  will  be  discussed  in 
the  following  paragraph,  sections  of  the  ribbon  having  significantly  higher 
strengths  did  not  exhibit  location  dependent  strength  across  the  width.  Speci¬ 
mens  from  reel  #1  and  reel  #2  had  equivalent  tensile  strengths.  Thus,  it  was 
concluded  that  the  edge  condition  characteristic  of  slitting  was  not  a  signif¬ 
icant  factor  in  affecting  ribbon  tensile  strength. 

The  second  hypos thesis  was  associated  with  the  observation  that  the  outer¬ 
most  ribbon  cross  sections  had  significantly  less  variation  in  thickness  than 
the  central  sections.  It  was  reasoned  that  this  observation  was  indicative  of 
a  casting  instability  during  ribbon  processing.  To  investigate  this  possibility, 
reels  1  and  2  were  rewound  so  that  specimens  taken  from  the  opposite  ends  of  the 
305  m  (1000  ft)  reels  could  be  compared.  The  average  cross  sectional  areas 
determined  were  26.6  x  10  ”2  mm  (4.13  x  10  4  in2)  and  26.4  x  10  2  mm  (4.10  x  10  4 
in2)  for  reel  #1  and  #2  respectively.  Comparing  these  values  with  the  data  in 
Table  5  indicates  that  the  cross  sectional  area  across  the  parent  ribbon  width  was 
more  uniform  at  this  end  of  the  reel.  The  ribbon  tensile  strengths  were  deter¬ 
mined  and  are  compared  in  Fig.  9  with  those  previously  determined.  It  is  evident 
that  the  average  ribbon  strength  has  Increased  dramatically  from  previous  levels 
of  1500-1800  MPa  (218-260  ksi)  to  greater  than  2760  MPa  (400  ksi).  Also,  there 
was  no  location  dependent  tensile  strength  (reel  #1  vs  reel  #2)  for  the  high 
strength  ribbon  sections.  Observations  of  polished  ribbon  cross  sections, 
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Fig.  10,  showed  that  the  cross  sections  of  the  high  strength  ribbons  were  sig¬ 
nificantly  more  uniform  than  those  of  the  low  strength  ribbons.  A  significant 
difference  in  ribbon  surface  appearance  was  also  detected.  High  strength  ribbon 
material  had  a  very  smooth  surface  appearance  while  low  strength  ribbon  material 
had  a  mottled  surface  appearance.  Observations  in  the  SEM,  Fig.  11,  showed  that 
the  low  strength  ribbon  material  was  covered  with  void  craters  indicating  poor 
contact  of  the  ribbon  with  the  casting  chill  block  during  fabrication.  Chemical 
analysis  of  both  high  strength  and  low  strength  ribbon  sections  was  also  per¬ 
formed.  As  shown  in  Table  6,  there  was  no  macrosegregation  of  either  metal  or 
metalloid  constituent  to  a  particular  section.  It  was  concluded  from  these  ob¬ 
servations  that  casting  instability  during  processing  was  responsible  for  the 
low  ribbon  strengths  originally  observed.  Discussions  with  Allied  Chemical 
indicated  that  this  was  most  likely  due  to  wheel  erosion  with  time  as  casting 
progressed.  Thus,  it  was  expected  that  ribbon  tensile  strength  would  remain  at 
high  levels  until  that  point  at  which  instability  occurred.  Subsequent  ribbon 
monitoring  demonstrated  that  this  was  the  case  with  the  majority  of  the  305  m 
length  exhibiting  tensile  strengths  in  excess  of  2410  MPa  (350  ksi) . 

The  other  ribbons  listed  in  Table  4  were  purchased  in  as-cast  form  at 
later  dates  and  no  strength  variations  such  as  described  in  this  section  were 
encountered.  The  ribbons  were  of  high  quality  and  possessed  consistently  high 
strengths.  Tensile  strength  data  will  be  presented  in  later  sections  where 
this  ribbon  material  was  utilized  for  composite  fabrication. 

f.  Observations  of  Tensile  Fracture  Surfaces 

Fracture  surfaces  from  both  high  strength  and  low  strength  ribbons  were 
viewed  in  the  SEM.  A  specific  fracture  mechanism  was  not  isolated  since  pref¬ 
erential  fracture  nucleation  sites  could  not  be  identified.  In  general,  all 
the  fracture  surfaces  exhibited  the  veining  pattern  typical  of  metallic  glass 
fracture.  Some  areas  of  high  plasticity  characterized  by  ductile  tearing  were 
also  located.  It  appeared  that  the  veining  pattern  was  somewhat  finer  and  that 
regions  of  ductile  tearing  were  more  prevalent  for  the  higher  strength  ribbon, 
(Compare  Figs.  12  and  13  with  Figs.  14  and  15.)  However,  the  number  of  observa¬ 
tions  was  not  sufficient  to  make  a  quantitative  statement. 

g.  Determination  of  Ribbon  Elastic  Modulus 

The  elastic  modulus  was  determined  from  load  (P)  -  elongation  (AL)  curves 
by  plotting  the  AL/P  as  a  function  of  specimen  gage  length.  Such  a  plot  exhibits 
linear  behavior,  where  the  slope  is  inversely  proportional  to  the  elastic  modulus. 
Using  this  technique,  the  elastic  modulus  was  calculated  as  165  GPa  (24  Msi) . 


The  modulus  was  also  measured  using  extenslonal  wave  velocity  measurements. 

In  this  technique  the  pulse  velocity  is  determined  over  a  given  path  length  and 
E  is  calculated  from  the  relationship  E  -  p  V2.  The  elastic  modulus  determined 
in  this  manner  was  158.6  GPa  (23.0  Msi).  This  value  is  within  6.9  GPa  (1  Msi) 
of  the  value  reported  by  Allied  Chemical  for  this  material.  Davis  (Ref.  18)  has 
pointed  out  that  such  measurements  on  ferromagnetic  metallic  glasses  should  be 
carried  out  under  a  saturating  magnetic  field  to  negate  the  so-called  "AE  effect" 
which  results  in  reduced  elastic  modulus  determinations.  However,  in  this  ma¬ 
terial,  the  magnitude  of  any  such  effect  appears  to  be  within  the  error  of 
measurement. 

B.  Selection  of  Matrix  Material 

1.  Preliminary  Screening  of  Matrix  Candidates 

a.  Materials 

Due  to  the  ribbon  format  and  metallic  characteristics  of  the  amorphous 
metal  reinforcement,  two  types  of  resin  systems  were  considered  as  matrix  can¬ 
didates  .  These  were  commonly  utilized  epoxy  resins  in  liquid  form  and  epoxy 
based  adhesives  in  solid  film  form.  The  adhesive  films  were  included  since 
they  were  developed  specifically  for  bonding  metals.  Also,  the  solid  film  form 
could  offer  unique  advantages  in  fabricating  composite  prepreg  material.  The 
liquid  resins  evaluated  were  Shell  Epon  828,  PR-286  supplied  by  3M  Co.,  and 
FR-7015  supplied  by  Fiber  Resin  Corporation.  The  FR-7015  is  a  2  part  room 
temperature  cure  system  while  the  others  are  cured  at  177°C  (350°F),  The  ad¬ 
hesive  films  evaluated  included  FM-300y,  FM-1000,  and  FM-1046  supplied  by 
American  Cyanamid,  AF— 42  supplied  by  3M  Company,  and  EA-9649R  supplied  by  Hysol 
Corporation.  All  the  films  are  unsupported  and  are  cured  at  177  C  (350  F) . 

b.  Ribbon/Matrix  Bond  Strength  Determination 

The  primary  property  of  interest  for  developing  a  ribbon  reinforced  com¬ 
posite  is  the  ribbon/matrix  bond  strength.  This  value  coupled  with  the  matrix 
shear  strength  will  determine  efficiency  of  load  transfer  from  matrix  to  ribbon. 
The  rlbbon/matrlx  bond  strength  was  determined  utilizing  single  overlap  shear 
specimens,  Fig.  16,  having  an  adherend  length  of  63.5  mm  (2.5  in.)  and  bond 
overlap  length  of  3.2  to  12.7  mm  (0.13  to  0.5  in.)  depending  on  the  bond  strength. 
The  ribbon  was  solvent  cleaned  prior  to  bonding.  Glass  scrim  cloth  was  inserted 
in  the  liquid  epoxy  lap  joints  to  stabilize  resin  flow  during  curing.  The  speci¬ 
mens  were  mounted  in  a  slide  tray  alignment  fixture  and  tested  to  failure  in 
tension  at  a  crosshead  speed  of  0.25  mm/min  (0,01  in. /min).  The  results  of  the 
lap  shear  testing  are  presented  in  Table  7.  The  superiority  of  the  epoxy  based 
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adhesive  films  over  liquid  epoxies  is  clearly  evident.  The  ribbon/matrix  bond 
strength  is  an  order  of  magnitude  greater  for  the  film  adhesives.  One  contri¬ 
bution  to  the  difference  in  bond  strength  measured  by  the  lap  shear  test  is  the 
lower  peel  strength  of  the  epoxies  compared  to  the  epoxy  nylons.  There  is  al¬ 
ways  a  bending  moment  in  the  single  lap  shear  test  which  will  tend  to  decrease 
the  bond  strength  measured,  and  the  degree  of  decrease  is  related  to  the  peel 
strength.  Thus,  the  measured  bond  strength  will  be  reduced  the  greatest  for  the 
epoxies  in  this  type  of  test.  However,  the  large  magnitude  of  the  difference 
measured  indicates  that  the  adhesive  films  clearly  represent  a  better  choice  of 
matrix  material  than  liquid  epoxies.  This  conclusion  was  reinforced  by  obser¬ 
vations  of  the  bond  failure  mode.  For  the  liquid  epoxy  systems,  the  failure 
was  adhesive,  i.e.  at  the  ribbon/matrix  interface,  while  for  the  epoxy-nylon 
adhesive  films,  the  failure  was  cohesive  or  partially  cohesive,  i.e.  failure 
through  the  matrix  and/or  ribbon. 

c.  Effect  of  Ribbon  Cleaning  Procedures  on  Ribbon/Matrix  Bond  Strength 

In  the  adhesive  bonding  of  iron  based  materials,  it  is  generally  observed 
that  a  well  cleaned  surface  forms  an  excellent  bond  with  epoxy  based  systems. 

For  this  reason,  surface  treatments  are  relatively  simple  utilizing  either  acid 
or  alkaline  based  cleaning  systems.  A  review  of  the  adhesive  bonding  procedures 
for  steels  shows  that  the  cleaning  procedures  developed  to  date  rely  primarily 
on  solutions  of  common  laboratory  reagents  (Refs.  19,20).  Cleaning  agents  which 
are  commercially  available  in  bulk  form  have  not  been  widely  used.  For  this 
reason,  our  initial  investigation  of  ribbon  surface  treatment  involved  the  eval¬ 
uation  of  the  relative  bond  strength  associated  with  acid  and  alkaline  cleaning 
solutions  prepared  from  laboratory  reagents.  Due  to  the  simplicity  of  the  clean¬ 
ing  procedures  utilized,  however,  it  was  felt  that  commercially  available  acidic 
and  alkaline  cleaners  for  steels  should  be  obtained  and  compared  with  the  cleaning 
solutions  prepared  from  laboratory  reagents.  The  commercial  cleaners  offer  the 
advantages  of  having  the  components  precombined  as  a  single  powder  or  liquid 
which  is  simply  mixed  with  water.  After  discussions  with  local  suppliers,  the 
following  METEX  compounds  supplied  by  McDerraid  Co.  were  selected.  Following  is 
a  brief  summary  of  the  technical  merits  of  these  products  as  listed  by  the 
producer. 

METEX  T-103 


This  solution  is  a  soap-free,  moderately  alkaline  metal  cleaner  recommended 
as  a  heavy  duty  soak  cleaner  for  steels.  It  exhibits  excellent  penetration  into 
deep  recesses,  rapid  wetting  of  metal  surfaces  even  when  oily,  complete  and  rapid 
displacement  and  emulsification  of  oily  soils. 
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METEX  S-1645 


This  solution  is  a  blend  of  surfactants,  detergents,  inhibitors,  and  acids 
offering  tremendous  cleaning  power  at  low  concentration  and  temperature.  It  is 
extremely  effective  in  removing  soils  that  are  difficult  to  remove  with  alkaline 
cleaning  systems. 

METEX  M-629 


This  solution  is  an  acid  salt  which  is  used  primarily  to  strip  chromium 
from  nickel.  Its  primary  advantage  is  in  producing  an  activated  nickel  surface 
after  cleaning.  Due  to  the  composition  of  2826  MB,  the  producer  felt  this  may 
offer  an  advantage  in  surface  preparation  for  bonding.  In  particular,  it  was 
recomnended  as  a  second  step  after  cleaning  with  T-103. 

In  assessing  the  utility  of  these  solutions,  an  overall  scheme  of  compos¬ 
ite  tape  preparation  was  a  foremost  consideration.  In  particular,  it  was  felt 
that  a  maximum  bath  time  of  5  sec  was  amenable  with  a  rapid  drum  winding  process. 
For  this  reason,  concentrated  solutions  as  recommended  by  the  manufacturer  were 
utilized.  The  relative  cleaning  success  was  assessed  qualitatively  by  testing 
for  a  water-break-free  condition  and  quantitatively  by  the  measurement  of  bond 
strength.  Following  is  a  listing  of  the  procedures  utilized.  All  treatments 
start  with  solvent  cleaned  ribbon  material. 

a.  2  Part  Acid  Solution 

(1)  immerse  for  5  sec  in  a  bath  of  4  parts  sodium  dichromate^  10 
parts  sulfuric  acid,  20  parts  distilled  water  held  at  75  C 

(2)  rinse  in  distilled  water 

(3)  rinse  in  ethyl  alcohol  and  wipe  dry. 

b.  3  Part  Base  Solution 

(1)  immerse  for  5  aec  in  a  bath  of  6.4  parts  sodium  metasilicate, 

3.2  parts  sodium  hydroxide,  0.5  parts  sodium  pyrophosphate, 

32  parts  distilled  water  heated  to  70-80°C. 

(2)  rinse  in  distilled  water 

(3)  rinse  in  ethyl  alcohol  and  wipe  dry. 

c.  METEX  T-103 

(1)  Immerse  for  5  sec  in  a  bath  containing  9  gm  T-103/100  ml  dis¬ 
tilled  water  heated  to  85-90°C 

(2)  rinse  in  distilled  water 

(3)  rinse  in  ethyl  alcohol  and  wipe  dry. 


d.  METEX  S-1645 


(1)  Immerse  for  5  sec  in  a  bath  containing  5  ml  S-1645/100  ml  dis¬ 
tilled  water  heated  to  55°C 

(2)  rinse  in  distilled  water 

(3)  rinse  in  ethyl  alcohol  and  wipe  dry, 

e.  METEX  M-629 

(1)  immerse  for  5  sec  in  bath  containing  20  gm  M-629/100  ml  dis¬ 
tilled  water  heated  to  80°C 

(2)  rinse  in  distilled  water 

(3)  rinse  in  ethyl  alcohol  and  wipe  dry. 

f.  METEX  T- 10 3 /METEX  M-629 

(1)  immerse  for  5  sec  in  T-103  bath  as  described  in  (b) 

(2)  rinse  in  distilled  water 

(3)  immerse  for  5  sec  in  M-629  bath  as  described  in  (e) 

(4)  rinse  in  distilled  water 

(5)  rinse  in  ethyl  alcohol  and  wipe  dry. 

Only  treatment  (b)  resulted  in  a  100%  water-break-free  surface.  Treatment 
(a)  exhibited  an  initial  water  break-f ree-surface  which  continuously  degraded 
after  approximately  5  min.  Treatments  (c)  and  (f)  produced  a  partial  water- 
break-free  surface  while  (d)  and  (e)  resulted  in  no  water-break- free  surface. 

It  is  also  noted  that  treatment  (a)  resulted  in  a  weight  loss  of  approximately 
1.3%,  while  no  weight  loss  was  produced  with  the  other  treatments, 

The  relative  effectiveness  of  the  surface  treatments  in  promoting  good 
bonding  was  evaluated  for  the  two  commonly  utilized  liquid  epoxy  resins,  PR-286 
and  EPON  828,  and  one  film  adhesive,  EA-9649R.  A  similar  assessment  for  the 
other  adhesive  films  was  complicated  by  the  fact  that  the  ribbons  failed  prior 
to  bond  failure,  for  the  minimum  reasonable  bond  length,  3.2  mm  (0.13  in.).  There 
fore,  any  significant  improvement  in  ribbon/matrix  bond  strength  using  the  FM-300p 
FM-1000,  FM-1046,  or  AF-42  would  be  immeasurable  by  this  simple  procedure. 

Although  the  measured  bond  strength  was  significantly  lower  for  the  EA-9649R, 
it  was  felt  that  it  would  be  a  useful  screening  agent  for  the  general  class  of 
materials  being  considered.  It  should  be  noted  that  EA-9649R  is  a  lower  peel 
strength  system  than  the  other  films,  and  as  described  previously  would  be 
expected  to  exhibit  lower  bond  strength  in  a  lap  shear  test. 


The  bond  strength  was  determined  using  single  overlap  shear  specimens  as 
outlined  previously.  The  results  of  testing  are  listed  in  Table  8.  It  is 
evident  that  the  ribbon  surface  treatments  significantly  improve  the  bond 
strength  of  the  liquid  epoxies  with  the  ribbon  material  when  compared  to  sol¬ 
vent  cleaned  surfaces.  In  particular,  the  alkaline  clean  procedure  (b)  is 
correlated  with  optimum  bonding.  The  optimum  bond  strength  produced,  however, 
is  still  significantly  lower  than  that  associated  with  the  adhesive  films.  For 
the  EA-9649R  bond  material,  it  is  evident  that  the  alkaline  treatments  provide 
a  25%  increase  in  bond  strength  over  solvent  cleaned  specimens  as  measured  by 
this  test,  while  the  acidic  treatments  decrease  the  bond  strength.  Note  that 
the  use  of  M-629  as  a  secondary  treatment  with  T-103  has  negated  the  positive 
effect  of  using  T-103  alone.  Although  both  alkaline  treatments  provided  the  same 
relative  increase  in  bond  strength,  it  was  observed  that  the  T-103  solution  was 
not  rinsed  as  effectively  in  distilled  water  as  the  3  part  base.  Residual  T-103 
solution  was  expelled  from  ribbon  surfaces  in  the  alcohol  rinse. 

It  was  concluded  from  these  data  that  the  3  part  base  alkaline  clean  pro¬ 
cedure  represented  the  optimum  ribbon  surface  preparation.  However,  it  also 
seemed  apparent  that  the  degree  of  enhancement  in  bond  strength  can  be  correlated 
with  the  bond  strength  observed  for  solvent  cleaned  surfaces.  Liquid  epoxies 
had  very  low  bond  strengths  with  solvent  cleaned  ribbon  surfaces  and  exhibited 
great  improvements  in  ribbon/matrix  bond  strength  when  the  ribbons  were  surface 
treated.  The  EA-9649R  adhesive  film  exhibited  moderate  bond  strength  with  sol¬ 
vent  cleaned  ribbons,  and  the  sensitivity  to  surface  treatment  was  much  reduced. 
It  is  also  very  likely  that  an  adhesive  film  such  as  FM-1000,  having  a  very  high 
bond  strength  with  solvent  cleaned  ribbon  material,  would  show  even  less  sensi¬ 
tivity  to  a  '.face  treatment.  It  was  clear,  however,  that  even  with  the  optimum 
ribbon  surface  preparation,  the  bond  strengths  associated  with  the  liquid  epoxies 
were  significantly  less  than  those  observed  with  the  adhesive  films  without 
ribbon  surface  treatment. 

2.  Evaluation  of  Adhesive  Films 

Based  on  the  bond  strength  data,  it  was  concluded  that  the  epoxy  based  ad¬ 
hesive  films  offered  the  best  choice  of  matrix  material  for  fabricating  ribbon 
reinforced  composites.  In  selecting  the  optimum  film,  ribbon/matrix  bond 
strength  was  considered  the  most  Important  parameter.  Other  parameters  of 
interest  include  matrix  properties,  film  thickness,  film  flow  properties,  and 
handleabllity. 

a.  Materials 

A  variety  of  adhesive  films  was  selected  which  represented  an  extensive 
range  of  matrix  systems.  A  description  of  these  adhesive  films  is  presented  in 
Table  9.  FM-1000  and  FM-1046  were  selected  as  representative  epoxy-nylons,  and 

are  characterized  by  high  peel  strength,  low  stiffness,  and  low  use  temperature, 


60°C  (140°F).  FM-150  is  ac  the  opposite  end  of  the  scale  possessing  low  peel 

strength,  high  modulus,  and  a  177°C  (350°F)  capability.  EA-9649R  and  AF-147 
are  toughened  epoxies  which  exhibit  better  peel  strength  than  FH-150  while  main¬ 
taining  similar  temperature  capabilities.  AF-163  is  a  toughened  epoxy  which 
exhibits  high  peel  strength,  but  only  has  a  high  temperature  capability  of 
approximately  120°C  (250°F).  The  epoxy-nylons  exhibit  low  flow  during  hot 
pressing  and  behave  like  a  thermoplastic.  In  contrast,  all  the  other  systems 
have  a  component  which  melts  and  therefore  exhibit  high  flow.  Thus,  although 
the  epoxy  adhesive  films  are  much  thicker  than  the  epoxy  nylons,  equivalent 
ribbon  volume  fractions  in  composites  may  be  achieved  due  to  the  difference  in 
flow  properties.  It  should  be  mentioned  that  all  the  films  evaluated  were 
unsupported.  Also,  the  maximum  cure  temperature  was  limited  to  177°C  (350°F) 
due  to  the  degradation  of  ribbon  properties  documented  at  temperatures  above 
200°C  (392°F) . 

b.  Determination  of  Ribbon/Matrix  Bond  Shear  Strength 

The  primary  property  of  interest  for  developing  a  ribbon  reinforced 
composite  is  the  ribbon/matrix  bond  strength.  This  value  will  determine  the 
amount  of  ribbon  overlap  needed  for  optimizing  translation  of  load  from  the 
matrix  to  the  ribbon,  and  therefore  will  dictate  composite  construction  param¬ 
eters  to  a  large  extent.  The  ribbon/matrix  bond  shear  strength  was  determined 
for  the  adhesive  films  in  Table  9  utilizing  single  overlap  shear  specimens. 

Fig.  16,  having  an  adherend  length  of  63.5  mm  (2.5  in.)  and  bond  overlap  length 
of  3.2  mn  (0.13  in.).  Since  ribbon  surface  treatment  was  previously  shown  to 
have  a  significant  effect  on  the  magnitude  of  bond  strength  developed  when  using 
epoxies  as  bonding  agents,  all  the  ribbon  adherends  were  alkaline  cleaned  prior 
to  bonding.  The  cured  specimens  were  mounted  in  a  slide  tray  alignment  fixture 
and  tested  in  tension  to  failure  at  0.25  mm/min  (0.01  in. /min).  The  results  of 
the  lap  shear  testing  are  listed  in  Table  10.  Included  are  the  ribbon/matrix 
bond  strength  and  the  specimen  failure  mode.  Schematic  representations  of  the 
possible  failure  modes  are  shown  in  Fig.  17.  It  is  evident  that  the  FM-150  and 
EA-9649R  exhibit  significantly  lower  bond  strengths  than  the  other  matrix  can¬ 
didates.  Adhesive  failures  at  the  ribbon/matrix  interface.  Fig.  17c,  correlated 
with  the  low  bond  strength  observed.  All  the  other  matrix  candidates  exhibited 
cohesive  failures,  but  other  observations  allowed  a  ranking  of  their  performance. 
Note  that  ribbons  bonded  with  AF-147  exhibited  cohesive  failure  through  the  ad¬ 
hesive  film  midplane  in  the  bond  as  characterized  in  Fig.  17b.  Observation  of 
the  bond  showed  that  it  was  very  porous  and  of  generally  poor  quality.  It 
appeared  that  the  adhesive  did  not  wet  the  metal  surface  properly.  In  the  case 
of  FM-1046,  one  adhesive  failure  was  observed  in  four  samples  tested.  For  these 
reasons,  the  AF-147  and  FM-1046  are  judged  inferior  to  the  FM-1000  and  AF-163. 
Both  the  FM-1000  and  AF-163  have  true  bond  strengths  with  the  ribbon  in  excess 
of  the  value  measured  since  all  failures  occurred  in  the  ribbon  adherends  as  in 
Fig.  17a. 
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c.  Determination  of  Laminate  Interlaminar  Shear  Properties 

Another  matrix  controlled  parameter  which  is  of  potential  Importance  is  the 
level  of  interlaminar  shear  strength  developed  in  a  composite.  To  determine  the 
value  of  composite  Interlaminar  shear  strength,  60  layer  laminates  were  constructed 
and  hot  pressed  to  yield  composites  having  a  ribbon  volume  fraction  of  approxi¬ 
mately  60%.  The  hot  pressing  procedures  were  determined  from  the  curing  charac¬ 
teristics  of  the  films  as  established  using  an  Audrey  dielectric  analyzer.  Several 
layers  of  the  film  were  compressed  at  0.69  MPa  (100  psi)  between  two  platens 
which  were  heated  at  a  rate  of  approximately  2.5  C/min  up  to  the  manufacturer's 
suggested  curing  temperature,  and  then  held  for  1  hr  at  this  temperature.  The 
dielectric  change  in  the  adhesive  films  was  continuously  monitored  as  a  function 
of  time  and  temperature.  The  plots  of  dissipation  factor  vs  time  determined  in 
this  manner  are  presented  in  Figs.  18—20.  Two  generic  curves  were  observed  for 
the  matrix  systems  studied.  The  epoxy  nylons  generally  exhibited  a  single  broad 
peak  characteristic  of  curing  as  shown  in  Fig.  18.  The  other  systems  exhibited 
a  double  peak.  Figs.  19  and  20,  due  to  the  presence  of  a  low  temperature  melting 
peak,  a  minimum  at  which  point  gelation  begins,  and  finally  a  gel  peak.  A 
listing  of  these  temperatures  for  the  systems  investigated  is  presented  in 
Table  11. 

The  epoxy  nylons  behaved  like  thermoplastic  materials  and  it  was  found  that 
optimum  pressing  conditions  were  more  easily  determined  from  experiment  rather 
than  attempting  to  pinpoint  an  optimum  pressing  temperature  from  the  data  in 
Fig.  18.  The  hot  press  procedure  utilized  is  listed  in  Table  12.  The  primary 
difference  in  the  two  systems  was  that  appreciable  flow  was  observed  when  using 
FM-1000  whereas  very  little  flow  was  available  with  the  FMr-1046.  To  achieve 
ribbon  volume  fraction  of  0.60,  6.9  MPa  (1000  psi)  pressure  was  required  when  using 
the  FM-1046  whereas  only  1.38  MPa  (200  psi)  was  required  when  using  the  FM-1000. 
Careful  analysis  of  the  curves  in  Fig.  18  reveals  a  secondary  peak  located  at 
A  for  the  FM-1000  which  is  not  present  in  FM-1046.  This  could  be  characteristic 
of  a  delayed  curing  reaction  in  the  FM-1000  which  gives  rise  to  considerably 
more  flow. 

For  the  other  systems  investigated,  the  hot  press  procedures  were  deter¬ 
mined  directly  from  the  data  in  Figs.  19  and  20,  Due  to  the  thickness  of  these 
adhesive  films,  considerable  flow  was  required  prior  to  curing  to  achieve  the 
required  ribbon  volume  fraction.  This  was  achieved  by  pressing  at  a  temperature 
between  the  melting  peak  and  the  initiation  of  gel.  The  procedure  followed  was 
to  heat  the  loaded  die  to  this  intermediate  temperature  plateau,  press  to  stops 
at  this  temperature,  and  then  raise  the  hot  press  temperature  to  the  final  cure 
temperature.  The  hot  pressing  schedules  utilized  are  listed  in  Table  12. 
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The  composites  thus  fabricated  were  then  tested  in  three  point  bend  at  a 
span/depth  of  5.0.  Plots  of  calculated  shear  stress  as  a  function  of  crosshead 
deflection  are  presented  in  Fig.  21.  It  is  evident  that  widely  varying  be¬ 
havior  is  associated  with  the  various  matrix  selections,  and  this  factor 
complicates  the  definition  of  the  composite  Interlaminar  shear  strength. 

According  to  ASTM  D2344  the  short  beam  shear  strength  is  defined  at  the  ulti¬ 
mate  failure  load  of  the  composite.  However,  there  is  no  alternate  definition 
to  use  for  systems  where  extensive  shear  deformation  occurs  prior  to  failure. 

To  resolve  this  problem,  the  following  procedure  was  utilized.  A  tangent  line 
to  the  load  vs  crosshead  deflection  curve  was  drawn.  Then  a  secant  to  the 
curve  was  constructed  having  75%  of  the  slope  of  the  tangent  curve.  The  inter¬ 
laminar  shear  strength  was  then  defined  as  the  shear  stress  associated  with  the 
load  corresponding  to  the  intersection  of  the  secant  line  with  the  load  deflec¬ 
tion  curve.  In  the  case  of  FM-150  and  EA-9649R,  such  a  secant  line  was  beyond 
the  composite  failure  load,  and  the  normal  interlaminar  shear  strength  associated 
with  maximum  load  was  recorded.  For  the  other  composites  where  extensive  shear 
deformation  occurred,  this  procedure  allowed  the  definition  of  a  comparative 
interlaminar  shear  strength  at  a  point  on  the  load  vs  deflection  curve  beyond 
initial  bendover  due  to  shear  deformation.  The  values  of  interlaminar  shear 
strength  thus  determined,  as  well  as  those  calculated  from  the  maximum  load, 
are  presented  in  Table  13.  Also  listed  is  the  deflection  observed  at  maximum 
load. 

By  using  the  secant  method  for  defining  the  interlaminar  shear  strength, 
three  strength  regimes  are  defined.  Composites  utilizing  FM-150  and  EA-9649R 
as  matrix  materials  have  clearly  superior  interlaminar  shear  strengths.  Inter¬ 
mediate  interlaminar  shear  strength  is  associated  with  AF-147,  FM-1000,  and 
AF-163  as  matrix  materials.  Finally,  composites  utilizing  FM-1046  as  the  matrix 
material  exhibit  low  interlaminar  shear  strength.  When  the  maximum  load  cri¬ 
terion  is  utilized,  the  dispersion  in  composite  interlaminar  shear  strength  is 
greatly  reduced  so  that  distinct  groupings  of  composites  exhibiting  similar 
behavior  no  longer  exist.  This  is  because  the  extensive  deformation  associated 
with  the  lower  stiffness  films  increases  the  shear  stress  to  levels  approaching 
that  observed  in  the  high  modulus  films.  For  this  reason,  the  secant  method 
for  defining  interlaminar  shear  strength  is  preferred.  This  is  particularly 
true  if  one  is  attempting  to  separate  systems  using  incipient  shear  failure  to 
define  the  interlaminar  shear  strength. 

The  composite  failure  modes  observed  could  also  be  categorised.  The  FM-150 
and  EA-9649R  composites  exhibited  catastrophic  shear  failure  characterized  by 
delamination  at  the  specimen  midplane  at  relatively  low  crosshead  deflection. 

The  AF-147  composites  also  failed  by  delamination,  but  only  after  considerable 
deformation.  The  FM-1000,  FM-1046,  and  AF-163  exhibited  matrix  shear  flow  such 
that  the  laminate  deformed  to  the  shape  of  the  loading  apparatus.  No  delamina¬ 
tions  occurred  at  the  ribbon/matrix  interfaces.  In  the  case  of  the  AF-163, 


maximum  load  was  defined  by  ribbon  failure  on  the  tension  side  of  the  bend 
specimen.  In  the  case  of  FM-1000  and  EM-1046,  no  evidence  of  any  failure 
occurred,  but  the  load  did  reach  a  maximum.  However,  considerable  side  loading 
was  occurring  at  this  point  due  to  the  large  deflection  so  it  is  difficult  to 
attach  undue  significance  to  this  point. 

d.  Matrix  Selection 

In  summarizing  the  ribbon/matrix  bond  strength  and  composite  interlaminar 
shear  strength  data,  the  following  correlation  results.  High  composite  inter¬ 
laminar  shear  strength  at  incipient  shear  failure  is  achieved  in  brittle  epoxy- 
novalac  systems  characterized  by  FM-150  and  EA-9649R.  However,  the  ribbon/matrix 
bond  shear  strength  associated  with  these  systems  is  low.  High  ribbon/matrix 
bond  strength  is  achieved  with  a  toughened  epoxy  such  as  AF-163  or  an  epoxy 
nylon,  FM-1000.  However,  matrix  shear  flow  decreases  the  composite  interlaminar 
shear  strength  at  incipient  shear  failure  to  only  moderate  levels. 

Since  che  ribbon/matrix  bond  strength  was  considered  most  critical  to  con¬ 
structing  composites  with  high  structural  integrity,  FM-1000  and  AF-163  were 
favored  over  the  other  films.  From  a  fabrication  standpoint,  the  much  lower 
resin  flow  associated  with  FM-1000  presented  an  advantage  in  maintaining  ribbon 
alignment  during  hot  processing.  Both  films  exhibited  excellent  handleability. 
For  these  reasons,  FM-1000  was  selected  as  the  matrix  material  for  subsequent 
composite  fabrication. 

C.  Composite  Fabrication  Procedures 

1.  Fabrication  of  Prepreg  Tape 

In  order  to  fabricate  large  numbers  of  composite  plates,  it  was  necessary 
to  formulate  a  composite  tape  fabrication  procedure.  Toward  this  end,  a  low 
speed  winder  was  constructed  which  had  the  capability  of  winding  ribbons  up  to 
0.5  in.  wide  onto  a  12  in.  diameter  rotating  drum.  The  drum  rotation  and  drum 
traverse  were  controlled  separately  allowing  a  continuous  range  of  ribbon  spacing 
to  be  obtained.  A  photograph  of  this  apparatus  is  presented  in  Fig.  22. 

The  first  step  in  the  drum  winding  process  involved  covering  the  drum  with 
a  release  paper  over  which  a  strip  of  the  adhesive  film  was  taped.  Ribbon  was 
then  wound  over  the  adhesive  film  with  a  controlled  spacing  as  shown  in  Fig.  22. 
The  primary  problem  in  tape  fabrication  was  to  devise  a  method  for  adhering  the 
ribbon  to  the  adhesive  film.  Two  approaches  were  investigated.  The  first  in¬ 
volved  painting  the  tape  with  a  primer  solution  compatible  with  the  adhesive 
film  while  the  second  approach  utilized  the  heat  sensitive  nature  of  the  film. 
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a.  Prepreg  Bonding  by  Primer  Application 

After  covering  the  drum  with  a  atrip  of  adhesive  film,  the  film  was  lightly 
painted  with  tack  primer  BR  1009-8.  The  ribbon  was  subsequently  wound  over  the 
painted  film  before  the  primer  dried.  The  BR  1009-8  developed  a  sufficient  tack 
in  1  hr  at  room  temperature  to  bond  the  ribbon  to  the  adhesive  film.  The  com¬ 
posite  tape  was  then  cut  from  the  drum  and  could  be  laid  out  for  cutting  into 
the  desired  piece  size.  Handleability  was  good  although  ribbons  could  easily  be 
peeled  off  the  film.  It  was  also  observed  that  the  bond  seemed  to  degrade 
slightly  if  the  tape  was  allowed  to  stand  unused  for  a  24  hr  period. 

The  effect  of  primer  application  on  cured  bond  shear  strength  was  determined 
utilizing  single  overlap  shear  specimens.  It  was  found  that  the  bond  strength 
values  varied  considerably  from  11.1  to  26.4  MPa  (1610  to  3830  psi) .  The  mag¬ 
nitude  of  bond  strength  could  be  correlated  with  the  amount  of  primer  applied. 
Very  light  applications  resulted  in  good  bonds,  while  excess  primer  severely 
degraded  bond  quality.  This  observation  coupled  with  the  fact  that  primer 
application  could  not  be  rigidly  controlled  prompted  the  consideration  of  other 
methods  of  bonding  the  ribbons  to  the  adhesive  film. 

b.  Prepreg  Bonding  by  Heat  Application 

Since  the  FM-1000  behaved  very  much  like  a  thermoplastic,  it  was  felt  that 
a  controlled  amount  of  heating  could  serve  to  initiate  bonding  of  the  ribbons 
to  the  film  without  causing  any  extensive  film  curing.  An  attempt  was  first 
made  to  bond  the  ribbon  to  the  adhesive  film  on  the  winder  by  resistance  heating 
of  the  ribbon.  This  was  accomplished  by  connecting  the  two  ribbon  ends  to  an  AC 
voltage  source,  and  increasing  the  voltage  until  the  ribbons  were  heated  to  a 
temperature  which  softened  the  adhesive  film  to  initiate  bonding.  It  was  found 
that  hot  spots  developed  along  the  ribbons  using  this  technique  which  produced 
two  undesirable  results.  Bonding  was  very  uneven,  and  the  heat  generated  at  the 
hot  spot  locations  was  sufficient  to  embrittle  the  ribbon  material.  This  par¬ 
ticular  bonding  method  was  therefore  abandoned. 

The  use  of  radiant  heat  sources  to  bond  the  ribbon  to  the  adhesive  film 
was  then  investigated.  A  technique  was  developed  which  allowed  the  fabrication 
of  composite  tape  material  exhibiting  excellent  handleability.  The  following 
procedure  was  utilized.  After  winding  ribbon  over  a  strip  of  FM-1000  adhesive 
film,  a  heat  gun  was  traversed  over  the  film  at  a  controlled  rate.  This  pro¬ 
vided  sufficient  tack  of  the  ribbon  on  the  film  to  allow  cutting  of  the  com¬ 
posite  tape  and  removal  from  the  mandrel.  The  tape  was  then  laid  out  on  a  bench 
and  pressed  with  a  heated  flat  iron.  This  served  to  embed  the  ribbon  in  the 
film  providing  excellent  handleability. 


This  process  was  subsequently  refined  so  that  the  tape  could  be  processed 
while  remaining  on  the  mandrel.  First,  the  mandrel  was  spring  loaded  so  that 
once  the  ribbon  was  wound  onto  the  adhesive  film,  a  radial  load  could  be  gradually 
applied  to  insure  intimate  contact  of  the  ribbon  with  the  film.  Once  this  was 
accomplished,  bonding  could  be  achieved  by  simply  passing  the  heated  flat  iron 
over  the  ribbon  surface  at  a  slow  rate.  A  heated  iron  with  a  radius  matching  the 
mandrel  was  also  fabricated,  but  this  method  of  heat  application  offered  no  sig¬ 
nificant  advantage  over  a  standard  heated  flat  iron.  An  example  of  a  ribbon 
composite  tape  fabricated  in  this  manner  is  shown  in  Fig.  23.  Handleability  and 
drape  are  both  very  good. 

2.  Composite  Construction  and  Hot  Pressing  Procedure 

Plies  of  the  proper  dimensions  were  cut  from  the  prepreg  tape  material. 

Two  approaches  to  composite  construction  were  then  utilized  depending  on  the 
complexity  of  the  stacking  pattern  and  ribbon  width  utilized.  For  a  simple 
stacking  pattern  where  one-half  the  ribbon  width  was  overlapped  from  layer  to 
layer  and  where  the  ribbon  width  was  at  least  12,7  mm  (0.5  in.),  the  plies  were 
simply  stacked  in  closed  steel  dies  for  subsequent  hot  pressing.  When  narrower 
ribbons  were  used  or  when  a  more  complex  stacking  pattern  was  desired,  the 
plies  were  laid  up  on  a  steel  plate  with  the  ribbon  ends  of  each  ply  successively 
taped  together  to  maintain  alignment.  The  center  section  between  the  taped 
ends  of  this  construction  was  then  hot  pressed  using  a  ram  of  suitable  size. 

In  all  cases,  the  hot  pressing  schedule  outlined  in  Table  12  for  the  FM-1000 
adhesive  film  was  utilized. 

D.  The  Effect  of  Composite  Construction  Parameters  on  Tensile  Properties 

1.  Evaluation  of  Ribbon  Surface  Treatment 

It  was  pointed  out  in  section  Blc  that  the  degree  of  improvement  in  ribbon/ 
matrix  bond  strength  associated  with  ribbon  cleaning  depended  on  the  intrinsic 
bond  strength  of  the  adhesive  film  with  the  ribbon.  No  discrimination  could  be  made 
using  lap  shear  tests  between  solvent  cleaned  and  alkaline  cleaned  ribbon  bonded 
with  FM-1000  since  all  failures  occurred  in  the  ribbon  adherends  as  shown  in 
Fig.  17a. 

To  determine  whether  the  alkaline  surface  treatment  would  provide  any  sig¬ 
nificant  advantage  in  composite  properties,  composites  were  fabricated  from  sol¬ 
vent  cleaned  and  alkaline  cleaned  6.35  mm  ribbon  from  reel  #1  in  combination 
with  the  FM-1000  adhesive  film  and  tested  in  tension  in  both  the  longitudinal 
and  transverse  orientation.  Seven  layer  composites  were  constructed  via  hand 
lay-up  using  the  ribbon  stacking  pattern  presented  in  Fig.  24.  Final  composite 
dimensions  were  approximately  38.1  x  127  x  0.64  mm  (1.5  x  5  x  0.025  in.).  Ten¬ 
sile  specimens  10.2  mm  (0.4  in.)  wide  were  cut  from  the  composite  plates,  and 
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doublers  were  bonded  to  the  ends  producing  a  gage  length  of  50.8  mm  (2.0  In.). 
Standard  resistance  strain  gages  were  bonded  to  both  sides  of  the  specimens. 
Tensile  tests  were  conducted  at  a  crosshead  speed  of  0.25  mm/mln  (0.01  in. /min). 
The  data  obtained  are  listed  in  Table  14.  it  is  evident  from  this  data  that 
equivalent  translation  of  ribbon  properties  to  the  composite  was  obtained  using 
either  solvent  cleaned  or  alkaline  cleaned  ribbons.  Any  difference  in  bonding 
would  be  evident  particularly  in  the  transverse  ribbon  orientation,  but  it  is 
evident  that  the  strength  observed  scales  with  the  ribbon  volume  fraction. 

Also,  the  transverse  failure  modes  were  characterized  by  ribbon  failure  with 
no  ribbon  pullout  indicating  excellent  bonding  in  both  cases.  It  was  concluded 
from  these  results  that  a  ribbon  surface  treatment  other  than  solvent  cleaning 
was  unnecessary  when  bonding  the  ribbons  with  FM-1000. 

2.  The  Effect  of  Ribbon  Spacing  and  Volume  Fraction  on  Composite  Properties 

Several  composites  were  constructed  using  the  ribbon  stacking  pattern  de¬ 
picted  in  Fig.  24  and  hot  pressed  using  the  standard  fabrication  cycle.  Final 
composite  dimensions  were  38.1  x  127  x  t  n*n  (1.5  x  5  x  t  in.)  with  ribbons 
oriented  either  parallel  or  transverse  to  the  composite  long  axis.  Ribbon 
spaclngs  of  2.5  mm  (0.1  in.)  and  0.5  mm  (0.02  in.)  were  utilized,  and  the  ribbon 
volume  fraction  was  varied  by  pressing  to  stops.  Tension  specimens  10.2  mm  (0.4 
in.)  wide  were  cut  from  the  composite  plates  and  doublers  were  bonded  to  the 
ends  producing  a  gage  length  of  50.8  mm  (2.0  in.).  Standard  resistance  strain 
gages  were  bonded  to  both  sides  of  the  specimens.  Tensile  tests  were  conducted 
at  a  constant  crosshead  speed  of  0.25  mm/min  (0.01  in. /min). 

The  results  of  tensile  testing  these  composites  are  listed  in  Table  15. 

The  ribbon  volume  fractions  were  determined  from  density  measurements  assuming 
a  ribbon  density  of  8.02  gm/cm3  and  matrix  density  of  1.15  gm/cm3.  The  average 
ribbon  tensile  strengths  determined  for  specimen  locations  adjacent  to  the 
ribbon  sections  utilized  for  composite  fabrication  are  listed  in  Table  16. 

A  comparison  of  the  longitudinal  properties  with  a  rule  of  mixture  calcu¬ 
lation  is  presented  in  Table  17.  The  contribution  of  the  matrix  to  the  composite 
strength  and  modulus  was  considered  negligible.  It  is  evident  that  the  measured 
values  are  closely  approximated  by  the  rule  of  mixture  values.  The  longitudinal 
tensile  fracture  surfaces  were  characterized  by  a  relatively  flat  fracture  sur¬ 
face  with  little  evidence  of  ribbon  pullout.  The  crack  propagated  through  the 
matrix  and  ribbon  with  little  deviation.  A  typical  example  is  shown  in  Fig.  25. 
The  ribbons  are  easily  discerned  at  the  higher  magnifications  by  the  veining 
pattern  characteristic  of  amorphous  metal  fractures. 
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Comparison  of  the  transverse  tensile  properties  listed  in  Table  15  indicate 
that  ribbon  overlap  is  very  important  in  achieving  optimum  transverse  properties. 
Note  that  a  20%  increase  in  ribbon  volume  fraction  has  resulted  in  a  90%  increase 
in  transverse  tensile  strength  (compare  composite  3297  with  3300).  This  corre¬ 
lation  is  more  readily  seen  in  a  comparison  of  transverse  to  longitudinal  property 
ratios  presented  in  Table  18.  Where  equivalent  volume  fractions  for  the 
longitudinal  and  transverse  orientation  were  not  available  from  the  data  in 
Table  15,  the  longitudinal  tensile  strengths  were  calculated  from  the  rule  of 
mixtures  utilizing  the  ribbon  tensile  strength  and  ribbon  volume  fraction  asso¬ 
ciated  with  the  transverse  composite.  Similarly,  the  longitudinal  modulus  values 
were  calculated  assuming  a  ribbon  modulus  of  165  GPa  (24  Msi).  It  may  be  seen 
in  Table  18  that  decreasing  the  ribbon  spacing  from  2.5  mm  to  0.5  mm  increased 
the  strength  ratio  from  0.38  to  0.52.  The  modulus  ratios  for  these  ribbon 
spacings  were  equivalent. 

Observation  of  the  composite  fracture  surfaces  demonstrated  that  the  in¬ 
crease  in  transverse  strength  with  decreased  ribbon  spacing  correlated  with  a 
change  in  composite  fracture  mode.  With  the  2.5  mm  (0.1  in.)  ribbon  spacing, 
a  mixed  fracture  mode  of  ribbon  pullout  and  ribbon  failure  was  observed.  An 
area  of  complete  pullout  is  shown  in  Fig.  26a.  Note  the  smooth  surface  feature 
of  the  ribbons  indicating  that  these  ribbons  were  pulled  out  of  an  overlap 
region  with  no  ribbon  fracture  occurring.  The  deep  crevices  mark  the  void 
space  left  behind  as  the  ribbons  in  the  alternating  layers  of  the  seven  layer 
composite  were  pulled  out.  An  example  of  the  mixed  failure  mode  is  shown  in 
Fig.  26b  where  a  smooth  ribbon  edge  characteristic  of  pullout  is  observed  adja¬ 
cent  to  a  fractured  ribbon.  Complete  ribbon  failure  in  the  transverse  cross 
section  is  shown  in  Fig.  27.  Note  that  the  fracture  surface  appears  identical 
to  that  observed  in  longitudinal  tensile  failures. 

The  dual  fracture  mode  associated  with  the  2.5  mm  ribbon  spacing  was  better 
understood  after  examination  of  polished  ribbon  cross  sections.  A  typical  trans¬ 
verse  composite  cross  section  is  presented  in  Fig.  28.  It  can  be  seen  that 
ribbon  overlap  was  significantly  reduced  in  region  A  in  comparison  with  region 
B  due  to  a  small  amount  of  ribbon  sliding  which  occurred  during  the  hot  pressing 
operation.  Region  A  is  now  a  preferential  fracture  site  where  composite  failure 
could  occur  by  ribbon  pullout.  In  the  composites  fabricated  with  the  0.5  mm 
in-ply  ribbon  spacing,  overlap  was  sufficient  to  prevent  cracks  from  propagating 
around  ribbon  ends.  Rather,  the  fracture  path  was  forced  through  ribbon  cross 
sections.  Presented  in  Fig.  29  is  a  composite  cross  section  characteristic  of 
the  0.5  mm  ribbon  spacing.  It  can  be  seen  that  ribbon  sliding  during  fabrication 
does  not  significantly  reduce  the  ribbon  overlap.  The  preferential  fracture  site 
in  this  case  is  at  point  0  where  the  crack  only  has  to  propagate  through  three 
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ribbon  cross  sections.  Observations  of  the  fracture  surface  in  the  SEM,  Fig.  30, 
confirm  that  this  is  the  case.  The  outermost  ribbon  has  a  smooth  surface  charac¬ 
teristic  of  a  ribbon  edge  and  the  other  three  are  fractured.  This  indicates  that 
the  fracture  process  involved  propagation  of  a  crack  at  the  edge  of  the  outermost 
ribbon  and  then  ribbon  failure  through  the  cross  section  remaining. 

It  was  concluded  from  these  observations  that  the  inferior  transverse  strength 
associated  with  the  2.5  mm  (0.1  in.)  in-ply  ribbon  spacing  was  due  to  the  presence 
of  ribbon  pullout  caused  by  poor  ribbon  overlap  at  specific  sites.  With  the  0.5 
ran  (0.02  in.)  in-ply  ribbon  spacing,  no  pullout  was  observed  but  rather  fracture 
proceeded  through  the  cross  section  at  a  plane  of  weakness  delineated  by  the  gap 
between  ribbons.  The  increase  in  ribbon  cross  sections  fractured  increased  the 
tensile  strength. 

One  could  rationalize  from  this  analysis  that  the  optimum  overlap  configu¬ 
ration  would  be  a  staggered  lay-up  which  would  have  sufficient  overlap  to  prevent 
crack  propagation  around  the  ribbon  ends  and  increase  the  net  number  of  ribbon 
cross  sections  in  the  crack  path.  The  critical  overlap  or  critical  transfer 
length  is  defined  by  the  stress  level  at  which  Interface  failure  and  ribbon 
failure  are  balanced.  This  length  may  be  defined  by  loading  a  ribbon  which  has 
one  end  embedded  in  a  matrix  as  shown  in  Fig.  31.  Using  a  simple  shear  lag 
approach,  the  balance  of  stresses  neglecting  edge  effects  is  2x«.b  *  obt  where  t 
is  the  interface  shear  stress  and  a  is  the  tensile  stress  in  the  ribbon.  The 
critical  transfer  length  is  then  =  crrt/2x  where  x  is  the  ribbon/matrix  bond 
strength  in  shear  and  or  is  the  ribbon  fracture  strength.  Thus,  for  embedded 
ribbon  lengths  less  than  £t,  ribbon  pullout  is  predicted,  whereas  at  lengths 
greater  than  ribbon  fracture  is  predicted.  For  the  2826  MB/FM-1000  com¬ 

posites  in  Table  15,  calculation  of  the  critical  overlap  length  assuming  a 
ribbon  strength  of  2480  MPa  (360  ksi) ,  bond  shear  strength  of  34.5  MPa  (5  ksi) , 
and  average  ribbon  thickness  of  4.1  x  10-2  mm  (1.6  x  10" 3  in.)  yields  i.t  = 

1.46  mm  (0.058  in.).  For  a  2.5  mm  (0.01  in.)  ribbon  spacing,  the  ribbon  over¬ 
lap  assuming  perfect  lay-up  would  be  2.03  mm  (0.080  in.)  and  ribbon  failure 
would  be  predicted.  However,  as  shown  in  Fig.  28,  ribbon  sliding  reduced  the 
overlap  to  less  than  0.4  mm  (0.016  in.)  at  specific  sites  and  pullout  would  be 
predicted  and  was  observed. 

3.  The  Effect  of  Ribbon  Stacking  Sequence  on  Composite  Transverse 
Tensile  Properties 

a.  Experimental  Results 

The  concept  developed  in  the  previous  section  for  optimizing  the  transverse 
tensile  properties  of  ribbon  reinforced  composites  was  that  a  critical  transfer 
length  can  be  defined  and  that  the  ribbon  overlap  must  be  maintained  greater 
than  this  critical  transfer  length.  To  test  the  validity  of  this  concept,  a 


series  of  composites  were  constructed  at  relatively  constant  ribbon  volume 
fraction  utilizing  various  ribbon  widths  and  stacking  sequences.  A  constant 
ribbon  spacing  of  0.5  mn  (0.02  in.)  was  utilized  to  minimize  the  effect  of 
this  parameter.  The  physical  and  mechanical  properties  of  the  2826  MB  ribbon 
obtained  from  Allied  Chemical  Corp.  for  this  study  (Fig.  32)  are  listed  in 
Table  19.  Also  included  is  the  critical  transfer  length  calculated  using  the 
listed  properties  and  assuming  a  ribbon/matrix  bond  strength  of  34.5  MPa  (5 
ksi).  Four  composite  lay-up  patterns  were  designed  and  these  are  shown  sche¬ 
matically  in  Fig,  33.  Also  shown  in  Fig.  33  are  the  expected  fracture  paths 
and  resultant  fraction  of  ribbons  broken,  fbr»  assuming  that  the  overlap  in 
processed  composites  was  greater  than  the  critical  transfer  length.  Due  to 
the  limitations  of  transfer  length,  lay-up  (a)  was  used  with  the  3.175  mm 
(0.125  in.)  ribbon,  lay-ups  (a)  and  (c)  were  used  with  the  6.35  mm  (0.25  in.) 
ribbon,  and  all  stacking  sequences  were  used  with  the  13.0  mm  (0.51  in.)  ribbon. 
The  composites  were  constructed  and  hot  pressed  according  to  the  procedures 
outlined  in  section  C.  Tensile  specimens  were  prepared  for  testing  as  des¬ 
cribed  in  the  previous  section,  and  were  tested  at  a  constant  crosshead  speed 
of  0.25  mm/min.  (0.01  in. /min).  In  all  specimens,  the  ribbons  were  oriented 
transverse  to  the  tensile  axis. 

The  tensile  properties  determined  for  these  composites  are  listed  in 
Table  20.  It  is  evident  that  the  transverse  composite  modulus  increased  as  the 
ribbon  aspect  ratio  increased  at  relatively  constant  ribbon  volume  fraction. 
Changes  in  the  overlap  pattern  had  relatively  little  effect  at  constant  ribbon 
aspect  ratio.  Modulus  ratios  E22/E11  of  approximately  0.8,  0.9,  and  1.0  were 
achieved  for  ribbon  aspect  ratios  of  93,  155,  and  380  respectively  assuming 
that  the  axial  modulus  could  be  calculated  from  the  rule  of  mixtures. 

A  significantly  greater  effect  of  ribbon  aspect  ratio  and  composite  lay-up 
pattern  on  the  composite  strength  data  is  evident.  It  is  most  convenient  to 
compare  results  based  on  the  strength  ratio,  022/all*  The  value  of  0^  was 
calculated  from  the  simple  rule  of  mixtures  using  the  ribbon  volume  fraction 
measured  for  the  transverse  composite,  and  the  ribbon  strength  determined  for 
ribbon  specimens  removed  from  the  reels  adjacent  to  sections  utilized  for  com¬ 
posite  fabrication.  The  ribbon  strength  data  are  listed  in  Table  21,  and  the 
calculated  strength  ratios  are  listed  in  Table  22.  The  low  value  of  022/011 
for  composites  fabricated  with  ribbons  3.18  mm  (0.125  in.)  wide  suggests  that 
the  overlap  with  this  ribbon  was  insufficient.  From  Table  19  it  is  seen  that 
the  critical  transfer  length  is  approximately  1.48  mm  (0.058  in.).  Since  the 
ribbon  width  is  3.18  mm  (0.125  in,),  then  the  maximum  spacing  between  ribbons 
which  could  be  tolerated  to  still  achieve  reinforcement  is  0.25  mm  (0.010  in.). 
The  average  ribbon  spacing  in  the  composite  was  0.48  mm  (0.019  in.)  and  thus, 
ribbon  pullout  would  be  expected.  Observation  of  the  fracture  surface.  Fig.  34, 
confirmed  that  ribbon  pullout  was  the  primary  failure  mechanism  which  correlates 
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with  the  low  strength  observed.  The  other  composites  had  sufficient  overlap  for 
reinforcement  and  significantly  greater  strength  ratios  were  observed.  It  is 
also  evident  that  as  the  overlap  decreased,  the  strength  ratio  was  increased. 

The  reason  for  this,  as  is  demonstrated  in  Fig.  33,  is  that  a  greater  number  of 
ribbon  cross  sections  were  aligned  with  the  fracture  plane  by  decreasing  the 
overlap.  Such  a  result  is  contingent  on  the  requirement  that  an  overlap  greater 
than  the  critical  transfer  length  remains,  so  that  ribbon  fracture  will  occur. 
Observations  of  the  fracture  surfaces  indicated  that  the  anticipated  fracture 
mode  depicted  in  Fig.  33  had  occurred.  As  shown  in  Fig.  35,  composite  fracture 
occurred  along  the  plane  of  weakness  defined  by  the  ribbon  gaps  resulting  in  a 
flat  fracture  perpendicular  to  the  tensile  axis.  Note  that  on  the  back  side  of 
the  specimens,  fracture  occurs  at  approximately  1/2  of  a  ribbon  width  for  the  0.5w 
overlap  pattern,  and  at  approximately  1/4  of  a  ribbon  width  for  the  0.2w  overlap 
pattern.  This  coincides  with  the  anticipated  fracture  path  for  these  lay-ups  in 
Fig.  33.  The  fracture  surfaces  were  also  observed  in  the  SEM.  As  seen  in  Fig.  36, 
four  ribbon  fractures  and  two  cast  edges  are  present  on  the  fracture  surface  of 
the  specimen  constructed  with  the  0.5w  overlap  pattern.  This  is  in  agreement  with 
Fig.  33a.  In  the  case  of  the  0.2w  overlap  pattern.  Fig.  37,  seven  ribbon  fractures 
and  one  cast  edge  are  observed.  As  shown  in  Fig.  33d,  eight  ribbon  fractures  are 
expected  for  a  perfect  lay-up.  It  is  apparent  that  one  layer  had  insufficient 
overlap  so  as  to  allow  the  crack  to  circumvent  it.  Thus,  a  fracture  efficiency 
of  0.7  occurred  rather  than  0.8. 

It  was  concluded  from  these  results  that  significant  improvements  in  trans¬ 
verse  composite  modulus  and  strength  could  be  achieved  by  varying  the  ribbon 
aspect  ratio  and  repeat  pattern.  The  modulus  depended  primarily  on  ribbon 
aspect  ratio  while  the  strength  was  dependent  on  the  composite  construction 
parameters.  A  modulus  ratio,  E22/EH*  of  1.0  and  strength  ratio,  °22 /°11» 

0.76  were  achieved  using  13  mm  (0.51  in.)  wide  ribbon  material. 

b.  Comparison  of  Experimental  Results  with  the  Theory  of  Ribbon 

Reinforcement 

(1)  Elastic  Modulus 

The  elastic  moduli  may  be  predicted  utilizing  the  following  expressions 
developed  by  Halpin  and  co-workers  (Refs,  16,17). 


E11  -ERVR+EmVra 

E22/Era  =  (l  +  C  n  VR)/(1  -  n  Vr) 

n  =  (ER/Em  -  1)/(ER/Em  +  o 

where  Ejj  and  E22  are  composite  moduli 
Er  is  the  ribbon  modulus 
Em  is  the  matrix  modulus 

VR  and  Vm  are  ribbon  and  matrix  volume  fraction  respectively 
5  is  a  reinforcement  geometry  factor. 
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For  the  prediction  of  the  transverse  modulus  of  a  ribbon  reinforced  composite, 

5-2  (w/t)  where  w/t  is  the  ribbon  aspect  ratio.  A  comparison  of  the  experi¬ 
mental  modulus  ratios  with  those  calculated  using  these  equations  is  presented 
in  Table  23.  Reasonable  agreement  between  the  experimen-al  values  and  those 
calculated  using  this  analysis  is  observed. 

It  should  be  realized  that  construction  parameters  such  as  ribbon  overlap, 
spacing,  and  stacking  sequence  are  not  Included  in  the  equations  used  for  pre¬ 
dicting  elastic  properties.  Rather,  the  material  properties  and  in  particular, 
the  ribbon  aspect  ratio,  are  the  parameters  of  key  importance.  Note  that  a 
ribbon  aspect  ratio  of  93  yields  80%  isotropy  in  elastic  modulus  while  a  ribbon 
aspect  ratio  of  380  yields  complete  isotropy  in  elastic  modulus. 

(2)  Tensile  Strength 

The  composite  tensile  strength  parallel  to  the  long  direction  of  the  ribbons 
may  be  predicted  by  a  simple  rule  of  mixtures: 

ail  -  ar  Vr  +  om  Vm 

where  ar  and  om  are  the  ribbon  and  matrix  tensile  strengths,  and  Vr  and  Vm  are 
the  respective  volume  fractions.  This  expression  may  be  used  only  when  the 
critical  volume  fraction  for  reinforcement  is  less  than  the  composite  volume 
fraction.  Two  approaches  to  predict  the  transverse  tensile  strength  of  ribbon 
reinforced  composites  have  been  presented  in  the  literature  (Refs.  5,7,8,11,12,15). 
The  first  of  these  is  based  on  the  assumption  that  the  transverse  cross  section 
of  a  ribbon  reinforced  composite  is  equivalent  to  an  uniaxially  aligned  short 
fiber  composite.  Assuming  linear  transfer  of  load  to  the  reinforcing  phase,  then 
the  composite  tensile  strength  parallel  to  the  short  fiber  axis  is  given  by 
(Ref.  21) : 


°c  =  Of  vf  <l-*t/*>  +  Om*  Vm 

where  i  is  the  fiber  length,  is  the  critical  transfer  length,  o f  and  om'  are 
stress  in  fiber  and  matrix  at  the  composite  failure  strain,  and  Vf  and  Vm  are 
the  respective  volume  fractions.  Assuming  equivalency  of  the  transverse  ribbon 
composite  cross  section  to  uniaxially  aligned  short  fibers,  then  the  transverse 
ribbon  composite  strength  is  given  by 

°22  “  °rVr  (1-Vw>  +  <V  vm  (D 

where  w  is  the  ribbon  width.  A  primary  difference  between  the  uniaxial  short 
fiber  composite  and  the  transverse  ribbon  cross  section  is  the  fact  that  the 
short  fiber  composite  possesses  a  completely  random  overlap  pattern  whereas  the 
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ribbon  reinforced  composite  is  generally  constructed  with  a  specific  overlap 
pattern.  This  equation,  then,  is  considered  as  an  upper  bound  of  the  transverse 
strength  which  may  be  obtained  in  a  ribbon  reinforced  composite. 

A  second  approach  to  predicting  the  transverse  tensile  strength  of  ribbon 
reinforced  composites  utilizes  the  capability  to  predict  the  failure  mode  of  a 
ribbon  reinforced  composite.  An  important  consequence  of  a  continuous  planar 
reinforcement  is  the  existence  of  a  specific  fracture  initiation  site  at  the 
gap  between  ribbons  on  the  exterior  surfaces.  Since  the  failure  always  initiates 
on  the  specimen  surface  at  a  gap  between  ribbons,  one  ribbon  layer  is  auto¬ 
matically  discounted  as  reinforcement.  Thus,  the  maximum  composite  strength 
possible  would  be  oc  »  (N-l/N) (arVr)  +  am'Vm,  where  N  is  the  number  of  ribbon 
layers.  This  assumes  that  advancing  crack  always  encounters  a  critical  overlap 
length  and  all  plys  except  the  surface  fail  by  ribbon  fracture.  This  situation 
is  virtually  impossible  to  achieve,  and  in  fact,  most  ribbon  composites  are  laid 
up  with  a  specific  overlap  pattern.  The  equation  to  predict  strength  remains 
the  same,  but  now  N  becomes  the  number  of  layers  in  the  repeat  pattern,  n.  As 
a  first  approximation,  n  may  be  calculated  as  w/ iQ  where  w  is  the  ribbon  width 
and  iQ  is  the  overlap  from  layer  to  layer.  If  the  transfer  length  is  known  to 
be  less  than  the  overlap  utilized,  then  a  first  approximation  of  the  transverse 
composite  tensile  strength  is  given  by: 

a22  -  (n-l/n)  or  Vr  +  om'  Vm. 

Since  ribbon  reinforced  composites  exhibit  a  specific  registry,  and  failure 
modes  can  be  predicted  as  in  Fig.  33,  a  more  exact  analysis  based  on  the  frac¬ 
ture  mode  is  possible.  Equations  of  the  following  form  have  been  suggested  to 
assess  the  transverse  tensile  strength  (Ref.  12): 

o22  -  fbr  °rvr  +  fpo  °r**  Vr  +  am’  vm  (2) 

This  consists  of  three  parts.  The  contribution  from  ribbons  fractured  is  fj,r 
or  Vy  where  fjjr  is  the  fraction  of  ribbons  broken,  Oj  is  the  ribbon  fracture 
stress,  and  Vr  is  the  ribbon  volume  fraction.  The  second  term  is  the  strength 
contribution  from  pullout  where  fpQ  is  the  fraction  of  ribbons  pulled  out,  org* 
is  the  ribbon  stress  corresponding  to  the  average  pullout  length  1*,  and  Vr  Is 
the  ribbon  volume  fraction.  The  third  term  is  the  matrix  contribution  at  the 
composite  failure  strain.  Assuming  constant  shear  stress  at  the  interface  and 
linear  load  transfer  to  the  fibers,  org_*  is  simply  defined  as  (f.*/£t)  or  where 
lt  is  the  critical  transfer  length  and  l*  is  the  average  ribbon  pullout  length. 

The  experimental  strength  ratios  are  compared  with  those  calculated  using 
these  expressions  in  Table  23.  The  values  calculated  from  Eq.  (1)  are  those 
expected  from  an  uniaxially  aligned  short  fiber  composite,  and  therefore  repre¬ 
sent  an  upper  bound  of  strength  ratio  which  could  be  achieved.  Values  calculated 


using  Eq.  (2)  assume  that  ribbon  sliding  during  fabrication  is  nonexistent  so 
that  the  fracture  paths  depicted  in  Fig.  33  occur.  It  is  evident  that  the 
experimental  strength  ratios  are  in  good  agreement  with  those  calculated  using 
Eq.  (2).  This  suggests  that  transverse  composite  properties  may  be  predicted 
knowing  the  critical  transfer  length  and  lay-up  pattern  utilized.  The  upper 
bound  values  calculated  from  Eq.  (1)  are  also  useful  since  they  pinpoint  the 
limiting  values  achievable  with  a  given  ribbon  material.  It  is  clear  that  0.51 
in.  wide  ribbon  material  offers  significant  advantages  in  this  respect. 

c.  Composites  Design 

The  results  of  the  previous  discussion  suggest  several  techniques  which 
should  be  followed  to  obtain  maximum  transverse  strength  in  ribbon  reinforced 
composites.  First,  the  ratio  £t/w  must  be  minimized.  Of  the  variables  under 
our  control,  this  can  be  accomplished  by  maximizing  the  ribbon/matrix  interface 
shear  strength  and  the  ribbon  aspect  ratio  utilized.  The  second  critical  factor 
involves  optimizing  the  lay-up  pattern.  To  obtain  the  highest  transverse  prop¬ 
erties,  the  number  of  layers  in  the  repeat  pattern  and  the  number  of  ribbons 
fractured  should  be  maximized.  This  can  be  accomplished  by  selecting  a  ribbon 
overlap  only  slightly  greater  than  the  critical  transfer  length  and  by  minimizing 
the  ribbon  spacing.  Thus,  matrix  and  ribbon  selection  as  well  as  the  construc¬ 
tion  parameters  must  be  optimized  to  obtain  maximum  transverse  strength  properties 

A.  Investigation  of  0/90  Lay-up  Patterns 

The  results  of  the  previous  section  demonstrated  that  the  transverse  to 
longitudinal  strength  ratio  was  a  function  of  the  ribbon  width  and  stacking 
pattern  utilized.  In  general,  an  increase  in  transverse  composite  strength 
was  achieved  by  varying  the  ribbon  stacking  pattern  to  increase  the  fraction 
of  ribbons  breaking.  It  was  reasoned  that  further  efficiency  in  ribbon  fracture 
could  be  achieved  by  selective  placement  of  90°  layers  in  composite  cross  sections 

For  a  simple  stacking  pattern  using  0.5w  overlap  for  successive  layers, 
the  expected  fracture  mode  in  transverse  tension  is  for  one-half  of  the  ribbons 
to  fail.  Thus,  022/°li  wou^  be  approximately  equal  to  0.5.  However,  as  seen 
in  Table  23,  an  experimental  value  of  0.26  was  obtained  when  using  0.125  In. 
ribbon  (w/t  ■  93).  This  was  observed  since  ribbon  pullout  occurred  rather  than 
ribbon  fracture.  This  is  schematically  represented  in  Fig.  38a.  Note  for  the 
wider  ribbons  having  the  same  stacking  pattern,  composites  3410  and  3418,  the 
values  of  022/°li  were  slightly  greater  than  the  calculated  value  of  0.5.  In 
both  cases,  one-half  of  the  ribbons  failed.  Assuming  that  it  was  desired  to 
use  a  ribbon  material  which  was  not  available  in  ribbon  widths  sufficient  to 
produce  ribbon  fracture  in  this  simple  lay-up  pattern,  then  an  alternate  solu¬ 
tion  would  be  to  use  a  0/90  lay-up.  This  is  shown  in  Fig.  38b.  Note  that  in 
this  case,  failure  of  the  composite  has  to  result  in  failure  of  one-half  the 
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ribbon  cross  sections,  i.e.  all  ribbons  aligned  parallel  to  the  principal  stress. 

Thus,  the  fraction  of  ribbons  breaking,  ffcr,  equals  0.5  and  the  ratio  of  compos¬ 
ite  strength  to  that  of  an  unidirectional  laminate,  oq/90 /o0,  would  be  predicted 
as  approximately  0.5,  Just  as  in  the  case  of  conventional  cross  ply  composites. 

To  demonstrate  this  point,  the  0.125  in.  wide  ribbon  was  utilized  to  fabri¬ 
cate  0/90  composites.  Our  first  attempts  utilized  FM-1000  as  the  matrix  material. 
However,  it  was  found  that  the  resin  flow  during  hot  pressing  was  too  great  to 
fabricate  such  a  composite.  FM— 1046  was  then  used  as  a  substitute  matrix  since 
this  material  exhibits  very  little  flow  during  processing.  Reasonably  good 
ribbon  alignment  was  maintained  during  fabrication  resulting  in  satisfactory 
composites.  Tensile  coupons  were  cut  from  the  composite  plates  and  tested  in 
tension  as  described  in  section  D2.  The  results  of  these  tests  are 
listed  in  Table  24  along  with  those  for  an  unidirectional  composite  having  the 
0.5w  overlap  pattern.  The  ratios  of  the  transverse  strength  and  modulus  to  those 
for  an  unidirectional  laminate  are  presented  in  Table  25.  The  strength  ratio 
increases  from  0.2  for  the  simple  unidirectional  lay-up  pattern  to  0.46  for  the 
0/90  lay-up.  The  predicted  value  of  0.5  was  not  reached  due  to  more  extensive 
sliding  between  the  ribbons  in  the  zero  layers  as  revealed  through  metallographic 
observations.  This  reduced  the  total  fracture  length  of  ribbons  resulting  in 
decreased  contribution  to  the  composite  strength.  Although  the  strength  of  the 
0/90  lay-up  pattern  is  significantly  greater  than  the  transverse  strength  ob¬ 
served  for  the  unidirectional  ribbon  composite,  the  0/90  strength  is  considerably 
reduced  with  respect  to  the  longitudinal  direction.  The  results  are  not  sig¬ 
nificantly  different  than  those  expected  for  a  fiber  reinforced  composite. 

The  0/90  lay-up  essentially  offers  an  alternate  lay-up  for  ribbon  material 
which  has  less  than  the  critical  ribbon  width  required  to  prevent  pullout.  This 
could  become  important  in  considering  more  advanced  ribbon  material  for  composite 
fabrication,  i.e.  titanium  base,  where  processing  difficulties  have  limited 
casting  of  ribbons  with  aspect  ratios  less  than  50. 

The  use  of  0/90  lay-ups  may  also  be  extended  to  include  ribbons  having 
dimensions  significantly  greater  than  the  critical  width.  One  advantage  of  this 
is  that  the  fraction  of  ribbons  breaking  in  transverse  tension  can  be  improved 
with  respect  to  the  optimized  unidirectional  lay-up  pattern.  The  latter  point 
is  demonstrated  in  Fig.  39.  In  Fig.  39a,  an  unidirectional  lay-up  with  0.2w  over¬ 
lap  is  depicted.  The  advancing  crack  will  circumvent  every  fifth  layer  re¬ 
sulting  in  a  fraction  of  ribbons  failing  equal  to  0.8.  This  would  be  the 
approximate  strength  ratio,  ^zzhn,ot  the  composite.  In  Fig.  39b,  a  0/90  lay¬ 
up  is  presented  where  the  overlap  to  the  fracture  plane  is  maintained  greater 
than  0.2w  for  the  90°  layers.  It  is  evident  that  a  crack  will  initiate  at  a 
ribbon  gap  on  the  outside  surface  and  result  in  ribbon  failure  in  all  succeeding 
layers.  Thus,  fj,r  ”  0.88,  which  represents  an  increase  in  the  transverse 
strength  with  a  small  reduction  in  longitudinal  properties  when  compared  to 
the  unidirectional  lay-up.  A  composite  was  fabricated  using  the  lay-up  pattern 
presented  in  Fig.  39b  with  13  mm  (0.51  in.)  wide  2826MB  ribbon.  FM-1046  adhesive  film 
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was  used  as  the  matrix  to  minimize  ribbon  sliding.  The  tensile  properties  de¬ 
termined  for  this  composite  are  listed  in  Table  24.  The  ratios  of  the  tensile 
strength  and  modulus  to  those  for  an  unidirectional  laminate  are  presented  in 
Table  25.  Also  included  are  the  results  for  an  unidirectional  composite 
utilizing  the  overlap  pattern  shown  in  Fig.  39a.  Comparison  of  these  values 
with  the  calculated  values  based  on  the  fracture  paths  shown  in  Fig.  39  shows 
that  the  predicted  properties  were  not  achieved  for  the  0/90  composite.  Obser¬ 
vation  of  the  fracture  surface  showed  that  the  actual  fracture  path  produced  a 
jog  between  layers  5  and  7  in  Fig.  39b  which  allowed  the  crack  to  pass  through 
two  ribbon  gaps  thus  reducing  f^r •  This  was  apparently  caused  by  the  greater 
transfer  length  when  using  FM-1046  as  compared  to  FM-1000.  An  attempt  was 
made  to  fabricate  a  similar  composite  using  the  FM-1000  adhesive  film.  The 
increased  resin  flow  associated  with  this  film,  however,  resulted  in  unsatis¬ 
factory  composites.  The  0°  layers  experienced  various  degrees  of  expulsion 
from  the  lay-up  since  the  primary  resin  flow  pattern  occurred  between  the  90° 
oriented  ribbons.  Due  to  the  processing  difficulties,  no  further  effort  was 
expended  in  0/90  fabrication.  This  is  not  considered  a  serious  drawback  since 
the  theoretical  transverse  strength  achievable  with  the  complex  0/90  lay-up 
pattern  was  only  10%  greater  than  that  which  has  been  achieved  with  low  overlap 
unidirectional  lay-ups. 

In  summary,  two  specific  examples  of  the  use  of  0/90  lay-ups  in  ribbon 
reinforced  composites  were  presented.  Specific  advantages  in  achieving  improved 
transverse  mechanical  properties  were  discussed.  However,  the  fabrication  dif¬ 
ficulties  associated  with  the  0/90  lay-up  may  outweigh  the  possible  advantages 
for  use  with  wide  ribbon  materials. 

E.  Physical  and  Mechanical  Properties  of  2826  MB/FM-1000  Composites 

Based  on  the  results  of  the  construction  parameter  study,  a  composite 
system  was  selected  to  be  utilized  in  a  broad  based  assessment  of  composite 
physical  and  mechanical  properties.  The  13  mm  (0.51  in.)  wide  2826  MB  ribbon 
was  selected  in  conjunction  with  FM-1000  as  the  matrix  since  this  combination 
minimized  the  ratio  of  critical  transfer  length  to  ribbon  width.  A  stacking 
sequence  utilizing  the  0.5w  overlap  pattern  was  selected  since  this  would  pro¬ 
vide  the  greatest  margin  for  error  in  the  lay-up  pattern  associated  with  ribbon 
sliding  during  fabrication.  Also  this  would  simplify  interpretation  of  the 
results,  particularly  with  regard  to  fracture  mode. 

1.  2826  MB  Ribbon  Tensile  Properties 

Approximately  4  kg  of  2826  MB  ribbon  nominally  13mm  wide  was  purchased 
from  Allied  Chemical  Corporation  for  the  test  program.  The  ribbon  was  cast  con¬ 
tinuously  in  one  production  run  and  was  designated  lot  RB776-1PF455  by  the  vendor. 
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Throughout  composite  fabrication,  ribbon  samples  were  removed  to  monitor  tensile 
strength  and  dimensional  stability.  The  cross  sectional  areas  determined  by 
weight  measurement  varied  approximately  IX  around  a  mean  value  of  2.24  x  10  ”2 
mm2  (8.80  x  10  **  in.2).  The  ribbon  width  was  13.2  mm  (0.S2  in.),  and  the  average 
thickness  was  0.043  mm  (1.69  x  10”3  in.)  which  corresponds  to  a  ribbon  aspect 
ratio  of  308.  Metallographic  examination  revealed  that  the  ribbon  cross  sections 
were  very  uniform  indicative  of  high  quality  ribbon  material.  Ten  groups  of 
five  ribbon  samples  were  tensile  tested  to  monitor  ribbon  strength  and  these 
results  are  plotted  in  Fig.  40.  The  average  ribbon  strength  determined  from 
this  data  was  2570  MPa  (373  ksi). 

2.  Thermal  Expansion  Characteristics 

a.  Ribbon  Thermal  Expansion  Behavior 

The  thermal  expansion  characteristics  parallel  and  perpendicular  to  the  long 
axis  of  the  ribbon  were  determined  using  a  quartz  dilatometer.  Ribbon  sections 
were  coiled  inside  silica  glass  collars  and  their  expansion  characteristics  on 
heating  and  cooling  were  monitored.  A  heating  rate  of  2°C/min  was  utilized. 

The  ribbon  thermal  expansion  behavior  was  first  determined  over  a  temperature 
range  of  25-500°C  to  define  the  crystallization  phenomena.  The  plots  of  thermal 
strain  as  a  function  of  temperature  are  presented  in  Figs.  41  and  42  for  the  longi¬ 
tudinal  and  transverse  orientation  respectively.  The  onset  of  crystallization 
is  marked  by  a  decrease  in  specimen  volume  which  occurred  at  approximately  400°C. 

It  also  appears  that  there  is  a  difference  in  expansion  behavior  for  the  two 
orientations  up  to  the  crystallization  temperature.  However,  it  is  felt  that 
this  is  due  to  difficulty  in  specimen  mounting,  particularly  in  the  longitudinal 
orientation.  For  this  reason,  the  data  obtained  for  the  transverse  orientation 
are  considered  more  representative  of  the  ribbon. 

Subsequently,  specimens  were  monitored  on  a  more  sensitive  scale  between 
25  C  and  170°C  to  characterize  the  ribbon  expansion  behavior  in  the  temperature 
regime  of  interest  to  composite  thermal  expansion.  Plots  of  thermal  strain  as 
a  function  of  temperature  are  presented  in  Figs.  43  and  44  for  the  longitudinal 
and  transverse  orientations  respectively.  Note  that  some  hysteresis  was  re¬ 
corded  in  the  longitudinal  orientation  while  the  heating  and  cooling  traces  are 
nearly  coincident  for  the  transverse  orientation.  It  is  felt  that  this  obser¬ 
vation  is  again  related  to  difficulties  associated  with  the  measuring  technique 
in  the  longitudinal  orientation.  The  average  coefficients  of  expansion  deter¬ 
mined  from  the  data  are  listed  in  Table  26.  Assuming  that  the  transverse  orien¬ 
tation  yields  values  most  representative  of  the  ribbon  material,  then  the  average 
ribbon  coefficient  of  thermal  expansion,  ar,  is  11.2  x  10”6  °C_1. 


b.  Composite  Thermal  Expansion  Behavior 


An  18  layer  composite  of  dimensions  38.1  x  127  x  1.22  mm  (1.5  x  5.0  x  .048 
in.)  was  constructed  using  an  0.3w  overlap  pattern,  and  wets  hot  pressed  in  the 
normal  manner.  The  ribbon  volume  fraction  was  calculated  as  0.62.  Specimens 
of  dimensions  6.35  x  25  nan  (0.25  x  1.0  in.)  were  cut  from  the  composite  plate 
in  orientations  of  0,  45,  and  90°  to  the  long  axis  of  the  ribbons.  The  thermal 
expansion  behavior  of  these  specimens  was  determined  in  the  quartz  dllatometer 
over  a  temperature  range  of  25-150  C.  The  specimens  were  cycled  twice  since 
"settling"  of  the  specimen  generally  occurs  during  the  first  cycle.  Typical 
second  cycle  plots  of  thermal  strain  as  a  function  of  temperature  for  these 
specimens  are  presented  in  Figs.  45,  46  and  47.  The  thermal  expansion  coefficients, 
a,  determined  from  this  data  for  the  cooling  cycle  are  listed  in  Table  27.  Since 
the  cooling  cycle  is  characterized  by  a  much  slower  rate  of  change  in  temperature, 
the  a  determined  on  this  cycle  is  considered  more  accurate.  A  comparison  of 
these  values  indicates  that  the  in-plane  thermal  expansion  coefficient,  a,  of  the 
composite  is  virtually  isotropic.  The  composite  thermal  expansion  coefficient 
is  only  slightly  greater  than  that  measured  for  the  ribbon  material  averaging 
12.7  x  10-6  °C-1.  The  ribbon  controls  the  thermal  expansion  behavior  because 
of  its  high  modulus  with  respect  to  the  matrix. 

3.  Composite  Mechanical  Properties 
a.  Interlaminar  Shear  Strength 

The  composite  interlaminar  shear  properties  were  determined  using  60  layer 
laminates  which  were  constructed  from  the  13.2  mm  (0.52  in.)  2826  MB  ribbon 
and  were  hot  pressed  in  the  normal  manner.  The  laminate  dimensions  were  13.2 
x  150  x  t  mm  (0.52  x  6.0  x  t  in.)  where  the  thickness,  t,  was  approximately 
4.0  mm  (0.160  in.).  These  laminates  were  cut  into  specimens  of  dimensions  13.2 
x  38  x  t  mm  (0.25  x  1.5  x  t  in.)  and  tested  in  three  point  bend  at  a  span/depth 
of  5.0. 

The  composite  interlaminar  shear  strength  was  determined  at  21°C  (70°F) 
and  82°C  (180°F)  In  three  point  bending  as  described  previously.  Typical  load- 
deflection  curves  for  these  two  test  temperatures  are  presented  in  Fig.  48.  At 
room  temperature,  a  plateau  Is  observed  In  the  load-deflection  curve  which 
corresponded  to  matrix  shear  failure.  The  Interlaminar  shear  strength  was  de¬ 
fined  using  the  load  corresponding  to  the  75%  secant  intersection  with  this 
curve.  At  82°C  (180  F) ,  the  load  increased  continuously  with  deflection  until 
the  sample  impinged  on  the  loading  pins.  As  seen  in  Fig.  48,  the  bending 
modulus  was  significantly  reduced.  For  these  samples,  the  interlaminar  shear 
strength  was  calculated  using  the  load  corresponding  to  a  deflection  of  2.5  mm 
(0.1  in.).  The  composite  Interlaminar  shear  strengths,  Tmax,  calculated  using 
these  loads  are  listed  in  Table  28.  The  average  interlaminar  shear  strength 
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at  21°C  (70°F)  was  47.1  MPa  (6830  psi)  while  at  82°C  (180°F),  the  average  inter¬ 
laminar  shear  strength  decreased  to  only  2,56  MPa  (371  psi).  Observation  of 
the  specimens  during  deformation  showed  that  those  tested  at  room  temperature 
deformed  to  the  shape  of  the  loading  nose  while  those  tested  at  82°C  (180°F) 
deformed  in  a  similar  manner  but  then  exhibited  a  partially  recoverable  defor¬ 
mation  on  unloading.  No  delamination  was  observed  in  any  of  the  specimens. 
Photographs  of  the  tested  specimens  are  shown  in  Fig.  49. 

These  results  indicate  that  the  FM-1000  matrix  has  extensively  softened  at 
82°C  (180°F)  even  in  the  cured  or  postcured  condition.  This  phenomena  severely 
limits  the  elevated  temperature  shear  properties  of  the  composite. 

b.  Tensile  Properties 

A  test  program  was  formulated  to  address  the  effect  of  ribbon  orientation 
and  test  temperature  on  composite  tensile  properties.  Two  lay-up  patterns  were 
utilized.  The  simple  0.5w  overlap  pattern  was  first  considered  since  this  -was 
least  sensitive  to  error  in  lay-up  pattern  associated  with  ribbon  sliding 
during  fabrication,  and  simplified  interpretation  of  specimen  fracture  surfaces. 
The  more  complex  0.3w  overlap  pattern  was  included  to  demonstrate  the  effect  of 
overlap  on  tensile  properties  particularly  as  a  function  of  test  temperature. 
Schematic  transverse  cross  sections  of  these  two  lay-up  patterns  are  presented 
in  Fig.  5o>  Note  that  the  0. 5w  pattern  is  an  8  layer  composite  while  the  0.3w 
pattern  is  a  9  layer  composite. 

Composite  panels  of  dimensions  38  x  127  x  t  ran  (1.5  x  5.0  x  t  in.)  and 
76  x  152  x  t  mm  (3.0  x  6.0  x  t  in.)  were  hot  pressed  according  to  the  schedule 
outlined  previously.  Ribbon  volume  fractions  were  determined  from  density  mea¬ 
surements  assuming  no  porosity  and  using  a  density  of  8.02  gm/cm3  for  the  2826 
MB  ribbon  and  1.15  gm/cm3  for  the  FM-1000  matrix.  Tensile  specimens  6.35  mm 
(0.25  in.)  in  width  were  cut  from  the  panels,  and  fiberglass  doublers  were 
bonded  to  the  specimens  providing  a  gage  section  of  50  mm  (2.0  in.)  for  the 
0  and  90  specimens  and  38  mm  (1.5  in.)  for  the  45  specimens.  Resistance 
strain  gages  were  bonded  to  both  sides  of  the  specimens  for  determination  of 
the  elastic  modulus  and  failure  strain.  Tensile  testing  was  performed  at  a 
constant  crosshead  speed  of  0.25  imn/min  (0.01  in/min).  Following  is  a  summary 
of  the  results. 

(1)  Ribbons  Oriented  at  0°  to  the  Tensile  Axis 

Two  composite  panels,  3555  and  3486,  were  fabricated  utilizing  the  0.5w 
and  0.3w  overlap  patterns  respectively.  Since  it  was  anticipated  that  the 
longitudinal  composite  tensile  properties,  on  and  Ellf  could  be  predicted  by 
the  simple  rule  of  mixtures,  the  density  of  the  individual  tensile  specimens 
cut  from  these  panels  was  determined  to  provide  an  accurate  measure  of  ribbon 
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volume  fraction  In  each  specimen.  The  longitudinal  tensile  properties  deter¬ 
mined  at  room  temperature  are  listed  In  Table  29  along  with  the  rule  of  mixture 
values  calculated  assuming  a  ribbon  tensile  strength  of  2570  MPa  (373  ksl)  and 
ribbon  tensile  modulus  of  165  GPa  (24  Msi).  It  is  evident  from  the  data  in 
Table  29  that  the  composite  modulus  measured  is  closely  approximated  by  the  rule 
of  mixtures  modulus  calculation.  However,  It  Is  also  evident  that  the  composite 
strengths  are  significantly  greater  than  that  predicted  by  the  rule  of  mixtures. 
The  data  can  be  more  closely  approximated  assuming  a  ribbon  strength  of  2900 
MPa  (420  ksl). 

Typical  stress-strain  curves  for  specimens  from  each  panel  are  presented 
in  Fig.  51.  Linear  elastic  behavior  is  observed  up  to  a  strain  level  of  approxi¬ 
mately  0.01,  and  then  a  slightly  decreased  modulus  is  observed  to  failure.  The 
failure  strains  varied  between  0.017  and  0.0196.  As  shown  in  Fig.  52,  tensile 
fractures  were  generally  flat  and  occurred  at  90°  to  the  tensile  axis. 

(2)  Ribbons  Oriented  at  90°  to  the  Tensile  Axis 

Several  composite  panels  were  fabricated  utilizing  both  the  0.5w  and  0.3w 
overlap  patterns.  The  transverse  tensile  properties  of  these  composites  were 
determined  at  room  temperature,  54°C  (130°F)  and  82°C  (180°F).  The  results 
are  listed  in  Tables  30  and  31. 

The  average  room  temperature  tensile  strength  was  807  MPa  (117  ksi)  for 
the  0.5w  overlap  pattern  and  947  MPa  (137  ksi)  for  the  0.3w  overlap  pattern. 
However,  there  was  a  significant  difference  in  ribbon  volume  fraction  in  the 
composite  panels.  To  compare  the  panels  on  an  equivalent  basis,  the  ratio  of 
these  tensile  strengths  to  a  calculated  longitudinal  strength,  °9o/°0*  was 
determined.  An  average  ribbon  strength  of  2900  MPa  (420  ksi)  was  assumed  since 
previous  longitudinal  tensile  data  could  be  closely  approximated  using  this 
value.  The  calculated  strength  ratios  are  listed  in  Table  32.  On  this  basis, 
it  can  be  seen  that  the  calculated  strength  ratio  for  the  0.5w  overlap  averages 
0.48  while  that  for  the  0.3w  overlap  averages  0.51.  Reviewing  Fig.  50,  it  is 
apparent  that  assuming  perfect  lay-ups  and  the  fracture  paths  predicted,  a  ratio 
of  0.5  is  expected  for  the  0.5w  overlap  pattern  while  a  ratio  of  0.67  is  expected 
for  the  0.3w  overlap  pattern.  Good  agreement  is  observed  for  the  simple  0.5w 
overlap  pattern,  whereas  a  significant  discrepancy  exists  for  the  more  complex 
0.3w  overlap  pattern.  An  explanation  for  these  results  was  formulated  by 
correlating  the  strength  data  with  observations  of  the  specimen  fracture  sur¬ 
faces.  For  the  0.5w  overlap  pattern,  the  fracture  mode  was  exactly  as  depicted 
in  Fig.  50.  For  the  0.3w  overlap  pattern,  the  fracture  mode  varied  significantly 
from  that  depicted  in  Fig.  50.  In  general,  rather  than  6  of  9  ribbons  fracturing 
in  the  cross  section,  only  5  of  9  ribbons  fractured  due  to  imperfections  in  the 
repeat  pattern.  The  expected  strength  ratio  for  this  case  is  0.55  which  is  in 
reasonable  agreement  with  the  results  obtained. 
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The  data  in  Tables  30  and  31  show  that  there  is  a  significant  reduction 
in  transverse  tensile  'strength  with  increased  test  temperature.  It  is  also  evi¬ 
dent  that  the  degree  of  reduction  is  more  severe  for  the  more  complex  overlap 
pattern.  This  is  more  easily  seen  in  Fig.  53,  a  plot  of  the  percent  of  room 
temperature  transverse  tensile  strength  retained  as  a  function  of  test  tempera¬ 
ture.  Note  that  an  average  of  55%  of  the  room  temperature  strength  is  retained 
at  82°C  (180°F)  for  the  0.5w  overlag  pattern,  whereas  only  26%  of  the  room  tem¬ 
perature  strength  is  retained  at  82  C  (180  F)  for  the  0.3w  overlap  pattern. 

Observations  of  the  specimen  fracture  surfaces  showed  that  the  occurrence 

of  pullout  increased  with  test  temperature  and  was  dependent  on  the  overlap 

pattern.  Specimens  constructed  with  the  0.5w  overlap  pattern  showed  some  evi¬ 
dence  of  ribbon  pullout  when  tested  at  54°C  (130°F).  As  shown  in  Fig.  54a,  a 
one  ply  pullout  was  observed  for  specimen  3549-2  while  tensile  failure  equivalent 
to  that  observed  at  room  temperature  is  typified  by  specimen  3550-2.  The  pull¬ 
out  susceptibility  increased  at  82°C  (180°F)  such  that  a  typical  fracture  surface 
surface  exhibited  two  ribbons  pulled  out  and  two  ribbons  fractured.  Typical 
failures  showing  the  degree  of  pullout  are  shown  in  Fig.  54b.  Note  that  this 

is  consistent  with  a  strength  retained  of  slightly  greater  than  50%  of  the  room 

temperature  tensile  strength.  As  shown  in  Fig.  55,  specimens  constructed 
utilizing  the  0.3w  overlap  pattern  exhibited  extensive  pullout  with  some  ribbon 
fracture  when  tested  at  54°C  (130°F) ,  while  at  82°C  (180°F)  complete  pullout 
was  observed. 

These  results  indicate  that  the  decrease  in  tensile  properties  associated 
with  increased  test  temperature  is  due  to  a  decreased  bond  strength  as  well  as 
extensive  softening  of  the  resin.  The  primary  effect  of  decreased  bond  strength 
is  to  increase  the  critical  overlap  required  to  prevent  pullout.  Data  provided 
by  the  manufacturer  indicate  a  40%  reduction  in  lap  shear  strength  at  82  C 
(180°F).  A  more  complex  overlap  pattern  provides  less  overlap  length  with  re¬ 
spect  to  the  critical  overlap,  and  allows  the  instability  associated  with  pull¬ 
out  to  occur  at  lower  stress  levels. 

The  elastic  properties  were  also  determined  at  70°F  and  are  listed  in 
Tables  30  and  31.  A  wide  variation  in  elastic  modulus  and  failure  strain  is 
observed  with  no  apparent  correlation  to  ribbon  volume  fraction  as  was  observed 
for  the  longitudinal  elastic  modulus.  Examination  of  the  test  specimens  indi¬ 
cated  that  the  location  of  the  strain  gage  pairs  on  the  surfaces  of  the  specimens 
influenced  the  strain  measured  as  a  function  of  load.  For  the  specimens  listed 
in  Table  30  ,  the  gages  were  bonded  to  the  specimens  so  that  the  gages  did  not 
overlay  any  of  the  gaps  between  ribbons.  This  is  schematically  shown  in  Fig.  56a. 
Note  that  this  resulted  in  a  modulus  measurement  in  excess  of  110  GPa  (16  Msi). 
However,  based  on  the  volume  fraction  measured  and  a  ribbon  modulus  of  165  GPa 
(24  Msi),  the  maximum  possible  composite  modulus  is  99  GPa  (14.4  Msi).  For  the 
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specimen  listed  in  Table  31,  the  strain  gages  were  bonded  to  the  specimens  such 
that  one.  gage  always  overlayed  a  ribbon  gap  (Fig.  56b)  •  In  this  case  a  modulus 
between  76  and  93  GPa  (11.0  and  13.5  Msi)  was  measured  compared  to  a  maximum 
possible  composite  modulus  of  109  GPa  (15.8  Msi).  Comparison  of  the  failure 
strains  also  indicates  distinctly  different  specimen  behavior  for  the  two  strain 
gage  locations.  For  the  specimens  with  the  gages  overlaying  ribbon  gaps  listed 
in  Table  31,  strain  gage  operation  ceased  prior  to  actual  specimen  failure.  It 
was  presumed  that  this  was  caused  by  contraction  of  the  matrix  material  in  the 
gap  which  resulted  in  gage  debonding. 

Typical  stress-strain  behavior  for  the  two  gage  locations  is  shown  in 
Fig.  57.  When  neither  strain  gage  overlayed  a  ribbon  gap,  specimen  3549-1,  an 
extensive  range  of  linear  behavior  is  observed  and  then  as  the  failure  load  was 
approached,  the  apparent  elastic  modulus  of  the  specimen  increased.  When  one 
gage  overlayed  a  ribbon  gap,  specimen  3504-2,  a  relatively  short  linear  range 
is  observed  followed  by  a  much  more  rapid  increase  in  strain  as  the  load  Increases. 

These  results  indicate  that  nonuniform  deformation  occurs  along  the  length 
of  the  specimen  when  tested  in  transverse  tension.  Greater  deformation  occurs 
at  the  ribbon  gap  locations,  and  this  condition  is  aggravated  as  the  failure 
load  is  approached. 

(3)  Ribbons  Oriented  at  45°  to  the  Tensile  Axis 

Composite  panels  of  dimensions  76  x  152  mm  (3  x  6  in.)  were  fabricated 
utilizing  both  the  0.5w  and  0.3w  overlap  patterns,  and  tensile  specimens  were 
cut  from  the  panels  at  an  angle  0  of  45°  to  the  axis  of  the  ribbons.  The  ten¬ 
sile  properties  determined  at  room  temperature,  54°C  (130°F) ,  and  82°C  (180°F) 
are  listed  in  Tables  33  and  34.  Also  listed  in  the  tables  is  the  strength  of 
a  specimen  cut  from  each  plate  with  the  ribbons  oriented  at  90°  to  the  tensile 
axis. 


The  ratio  of  the  90°  tensile  strengths  determined  at  room  temperature  com¬ 
pared  to  a  calculated  longitudinal  strength,  0go/ao»  I8  approximately  0.5  for 
both  lay-ups.  The  transverse  fracture  modes  were  identical  to  those  observed 
and  discussed  in  the  previous  section.  However,  it  is  evident  that  the  ratio 
of  the  room  temperature  tensile  strength  with  ribbons  oriented  at  45°  to  the 
90°  tensile  strength,  045/090,  is  markedly  different  for  the  two  lay-up  patterns. 
For  the  0.5w  overlap  pattern,  this  ratio  is  approximately  1.0  while  for  the  0.3w 
overlap  pattern,  045/090  is  approximately  1.31.  The  reason  for  this  discrepancy 
is  related  to  the  specimen  fracture  mode.  In  the  case  of  the  0.5w  overlap 
pattern,  the  specimens  fractured  along  the  plane  of  weakness,  i.e.  at  45  to  the 
tensile  axis.  In  the  case  of  the  0.3w  overlap  pattern,  the  fracture  plane  was 
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predominantly  perpendicular  to  the  tensile  axis  with  some  outer  ply  pullout 
along  the  45°  plane.  The  latter  fracture  path  increases  the  volume  fraction 
of  ribbon  material  fractured  thus  Increasing  the  strength.  Typical  tensile 
fractures  for  both  overlap  patterns  are  shown  in  Fig.  58. 

Significant  reductions  in  tensile  strength  were  observed  for  testing  at 
54°C  (130°F)  and  82°C  (180°F).  A  plot  of  the  room  temperature  tensile  strength 
retained  as  a  function  of  test  temperature  is  presented  in  Fig.  59.  At  82°C 
(180°F),  an  average  of  47%  of  room  temperature  strength  is  retained  for  the 
0.5w  overlap  pattern  while  32%  of  room  temperature  strength  is  retained  for  the 
0.3w  overlap  pattern.  This  dependence  of  strength  on  overlap  pattern  is  simi¬ 
lar  to  that  observed  with  ribbons  oriented  at  90°  to  the  tensile  axis. 


Observations  of  the  fracture  surfaces  showed  that  those  specimens  con¬ 
structed  with  the  0.5w  overlap  pattern  exhibited  increased  evidence  of  pullout 
as  the  test  temperature  was  increased  (Fig.  60).  Some  ribbon  fracture  was 
still  evident  at  82°C  (180°F) .  In  the  case  of  the  0.3w  overlap  pattern.  Fig. 

61,  a  change  in  fracture  plane  accompanied  the  increased  susceptibility  to 
putlout.  Specimens  tested  at  54°C  (130°F)  fractured  along  the  plane  of  weak¬ 
ness  at  45°  to  the  tensile  axis  in  contrast  to  the  room  temperature  fracture 
at  90°  to  the  tensile  axis.  Extensive  pullout  with  some  ribbon  fracture  was 
observed.  This  change  in  fracture  plane  coupled  with  the  increased  susceptibility 
to  pullout  decreased  the  tensile  strength.  Specimens  tested  at  82°C  (180°F) 
showed  complete  pullout  with  no  ribbon  fracture  further  decreasing  the  tensile 
strength. 

The  elastic  properties  determined  at  70°F  are  also  listed  in  Tables  33 
and  34.  A  wide  variation  in  elastic  modulus  and  failure  strain  are  evident. 

As  discussed  previously,  this  variation  was  due  to  the  location  of  the  strain 
gages  relative  to  the  gaps  between  ribbons  on  the  specimen  surface. 

Typical  stress-strain  curves  for  the  two  overlap  patterns  are  presented  in 
Fig.  62.  The  data  for  the  specimens  constructed  with  the  0.5w  overlap  pattern 
represent  strain  gage  locations  which  overlay,  3551-2,  or  do  not  overlay,  3551-11, 
ribbon  gaps.  Specimen  3488-4  was  constructed  with  the  0.3w  overlap  pattern  and 
exhibits  much  greater  failure  strain  for  an  equivalent  modulus. 

c.  Effect  of  Thermal  Fatigue  on  Transverse  Tensile  Strength 

An  eight  ply  composite  panel  of  dimensions  38.1  x  127  mm  (1.5  x  5.0  in.) 
was  constructed  utilizing  the  0.5w  overlap  pattern  with  ribbons  oriented  at  90° 
to  the  long  dimension  of  the  panel.  The  panel  was  hot  pressed  using  established 
procedures.  The  panel  was  cycled  between  room  temperature  and  82°C  (180°F)  a 
total  of  500  times.  A  plot  of  the  thermal  cycle  utilized  is  presented  in  Fig.  63. 
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After  thie  thermal  cycling,  there  was  no  visual  degradation  of  the  panel. 

Tensile  specimens  6,35  mm  (0.25  in,)  wide  were  cut  from  the  panel  and  fiberglass 
doublers  were  bonded  to  the  specimens  providing  a  gage  length  of  50.8  mm  (2.0 
in.).  The  specimens  were  tested  in  tension  at  a  crosshead  speed  of  0.25  mm/mln 
(0.01  in. /min).  The  tensile  strengths  determined  are  listed  in  Table  35.  Also 
Included  are  the  ribbon  volume  fraction  determined  from  density  measurements 
and  the  predicted  composite  strength  for  this  ribbon  stacking  pattern.  It  can 
be  seen  that  the  average  tensile  strength  measured  was  very  close  to  the  expected 
composite  strength.  It  was  concluded  from  these  results  that  the  composite 
transverse  tensile  strength  was  unaffected  by  the  thermal  fatigue  cycle  utilized. 

d.  Effect  of  Moist  Environment  on  Transverse  Tensile  Strength 

An  eight  ply  composite  panel  of  dimensions  38.1  x  127  mm  (1.5  x  5.0  in.) 
was  fabricated  utilizing  the  0.5w  overlap  pattern  with  ribbons  oriented  at  90° 
to  the  long  direction  of  the  panel  using  established  procedures.  Tensile  speci¬ 
mens  6.35  mm  (0.25  in.)  wide  were  cut  from  the  panel,  ribbon  volume  fractions 
were  determined  by  density  measurement,  and  fiberglass  doublers  were  bonded  to 
the  specimens  to  provide  a  gage  length  of  50.8  mm  (2.0  in.).  These  specimens 
were  exposed  to  95%  relative  humidity  at  60°C  (140°F)  for  21  hrs.  Weight  gain 
measurements  indicated  that  saturation  occurred  in  less  than  4  hrs.  On  removing 
the  specimens  from  the  chamber  it  was  noted  that  small  irregular  patches  of 
rust  had  formed  on  the  outer  ply  ribbon  surfaces.  The  specimens  were  sealed  in 
plastic  bags  until  tensile  testing  was  performed.  The  results  of  tensile  testing 
are  listed  in  Table  36  along  with  the  predicted  tensile  strength  of  the  speci¬ 
mens.  It  is  evident  that  exposure  to  moist  environment  has  severely  degraded 
the  composite  transverse  tensile  strength.  All  specimens  failed  by  ribbon 
pullout  indicating  that  the  ribbon/matrix  bond  strength  was  severely  degraded. 
There  was  some  evidence  of  corrosion  product  along  the  edges  of  the  interior 
ply  ribbons,  but  to  a  much  less  extent  than  observed  on  the  outer  ply  ribbon 
surfaces.  Photographs  of  the  failed  specimens  are  shown  in  Fig.  64. 

These  results  indicated  that  the  2826  MB/FM-1000  composite  system  has  very 
low  resistance  to  moisture  exposure.  Also,  since  most  resin  systems  absorb 
moisture  to  some  extent,  the  fact  that  the  ribbons  rust  in  moist  environment 
indicates  that  this  will  be  a  general  characteristic  of  resin  matrix  composites 
reinforced  with  2826  MB  ribbon.  Exposure  of  the  ribbon  to  the  identical  con¬ 
ditions  in  the  humidity  chamber  showed  that  the  same  degree  of  rusting  occurred 
in  2  hrs  on  ribbon  material  as  was  observed  on  the  composite  outer  plys  in 
21  hrs. 
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e.  Compression  Properties 


(1)  Compression  Testing 

ASTM  standard  D3410-75  was  selected  as  the  test  method  for  determining  the 
composite  compressive  properties.  To  determine  the  required  test  specimen  thick¬ 
ness,  h,  to  insure  composite  beam  failure  in  lieu  of  buckling,  the  Euler  equation 
was  utilized.  The  buckling  load  for  a  rectangular  beam  with  both  ends  fixed 
is  P  =  4ii2EI/L2  where  E  is  the  beam  elastic  modulus,  I  is  equal  to  bh^/12,  and 
L  is  the  specimen  gage  length.  Since  the  strength,  a,  is  given  by  P/bh^  the 
minimum  beam  thickness  to  prevent  buckling  is  given  by  h  =  |_3  o  L2/tt2  E]-5.  The 
minimum  composite  thickness  to  prevent  buckling  was  calculated  for  ribbons 
oriented  at  0°  and  90°  to  the  compression  axis  assuming  that  the  compression 
strength  and  modulus  were  equivalent  to  those  in  tension.  The  results  of 
tension  testing  have  shown  that  reasonable  values  of  the  tensile  properties  for 
a  ribbon  volume  fraction  of  0.60  are  o0  =  1740  MPa  (252  ksi) ,  090  =  868  MPa 
(126  ksi),  E0  =  Egg  =  99  GPa  (14.4  Msi).  Assuming  these  values,  then  hD  =  1.85 
mm  (.073  in.)  and  hgo  =  1.31  mm  (.052  in.).  For  composite  thicknesses  greater 
than  these  in  the  respective  orientations,  beam  failure  would  occur  prior  to 
buckling. 

Specimens  of  sufficient  thickness  were  subsequently  fabricated  utilizing 
standard  procedures.  For  the  longitudinal  ribbon  orientation,  26  layer  laminates 
of  dimensions  6.35  x  152.4  ran  (0.25  x  6.0  in.)  were  constructed  utilizing  the 
6.35  mm  (0.25  in.)  ribbon.  The  laminate  thickness  was  2.08  mm  (0.082  in.)  and 
ribbon  volume  fraction  was  0.52.  For  the  transverse  ribbon  orientation,  a  24 
ply  composite  panel  of  dimensions  38.1  x  127  mm  (1.5  x  5.0  in.)  was  constructed 
utilizing  the  0.5w  overlap  pattern  with  13.2  mm  (0.52  in.)  wide  ribbons  oriented 
at  90°  to  the  long  direction  of  the  panel.  The  resultant  composite  thickness 
was  1.57  mm  (0.062  in.)  and  the  ribbon  volume  fraction  was  0.60.  Specimens  6.35 
mm  (0.25  in.)  wide  were  cut  from  this  panel.  Doublers  were  bonded  to  the  longi¬ 
tudinal  and  transverse  specimens  in  accordance  with  standard  D3410-75.  Strain 
gages  were  bonded  to  both  sides  of  the  gage  sections  and  wired  to  provide  indi¬ 
vidual  readout.  Compression  testing  was  then  performed  at  a  constant  crosshead 
speed  of  0.25  mm/min  (0.01  in. /min). 

The  failure  stress  and  modulus  values  determined  at  room  temperature  are 
listed  in  Table  37.  Also  included  is  the  predicted  composite  tensile 
strengths.  It  is  evident  that  the  compressive  failure  stress  is  significantly 
lower  than  the  tensile  strength  predicted  for  similarly  constructed  composites. 
Examination  of  the  specimens  showed  that  this  was  due  to  a  buckling  failure 
mode  in  both  the  longitudinal  and  transverse  specimens.  In  the  case  of  the 
transverse  specimens,  the  buckling  failure  was  located  at  the  plane  of  weakness 
where  the  gaps  between  ribbons  were  aligned.  Since  the  Euler  buckling  stress 
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for  uniform  beams  of  these  dimensions  was  1860  MPa  (270  ksl)  and  1260  MPa  (182 
ksl)  for  the  longitudinal  and  transverse  ribbon  orientations  respectively,  it 
was  concluded  that  the  buckling  observed  was  a  true  composite  failure  mechanism 
in  these  ribbon  reinforced  composites.  Typical  stress  strain  curves  for  the 
longitudinal  and  transverse  ribbon  orientations  are  presented  in  Figs.  65  and 
66  respectively. 

f.  Mechanical  Fatigue  Properties 

(1)  Longitudinal  Ribbon  Orientation 

An  eight  ply  composite  panel  76.2  x  152  mm  (3.0  x  6.0  in.)  was  fabricated 
utilizing  the  o.5w  overlap  pattern  with  ribbons  oriented  parallel  to  the  long 
dimension  of  the  panel.  Tensile  specimens  6.35  mm  (0.25  in.)  wide  were  cut 
from  this  panel,  and  the  density  of  the  Individual  specimens  was  measured  to 
determine  the  ribbon  volume  fraction.  Fiberglass  doublers  were  bonded  to  the 
specimens  providing  a  gage  length  of  76.2  mm  (3.0  in.).  The  specimens  were 
tested  at  a  maximum  to  minimum  stress  ratio  of  0.1.  The  test  parameters  and 
the  cycles  to  failure  are  listed  in  Table  38.  Since  the  ribbon  volume  frac¬ 
tions  varied  considerably,  the  ratio  of  the  maximum  stress  to  the  composite 
strength  calculated  from  the  rule  of  mixtures  is  also  listed. 

This  data  shows  that  this  composite  system  has  very  poor  fatigue  resistance. 
Note  that  a  10 6  cycle  life  was  achieved  with  ribbons  in  the  longitudinal  orien¬ 
tation  for  a  maximum  stress  to  composite  strength  ratio,  amax/°c»  of  only  °-1]- 
For  a  system  such  as  AS-graphite  reinforced  epoxy,  this  ratio  is  typically  in 
the  range  of  0.6  to  0.7  for  the  longitudinal  fiber  orientation. 

It  was  felt  that  the  poor  fatigue  resistance  of  the  previously  discussed 
samples  might  in  part  be  due  to  the  fact  that  the  amorphous  metal  ribbons  were 
notch  sensitive,  and  that  the  specimen  cutting  operation  induced  defects  along 
the  specimen  length  in  those  areas  where  a  ribbon  was  cut.  To  assess  this 
possibility,  composite  laminates  were  fabricated  using  the  as-received  13  mm 
ribbon.  The  laminate  dimensions  were  13.5  x  152  mm  (0.53  x  6.0  in.).  Doublers 
were  bonded  to  the  as-pressed  laminates  providing  a  gage  section  of  76.2  mm 
(3.0  in.)  that  was  13.5  mm  wide  and  wherein  none  of  the  ribbons  had  been  cut. 

The  specimens  were  tested  using  a  stress  ratio  of  0.1  as  before.  The  data  for 
these  specimens  is  also  included  in  Table  38.  These  results  indicate  that  the 
composite  laminates  fabricated  from  as-received  ribbons  have  better  fatigue 
resistance  than  specimens  cut  from  a  composite  panel.  A  106  cycle  fatigue  life 
was  achieved  for  a  maximum  stress  to  composite  strength  ratio  of  0.19.  Although 
this  represents  a  considerable  improvement  in  fatigue  life,  even  in  the  as- 
received  condition  the  ribbon  fatigue  resistance  is  low. 


(2)  Transverse  Ribbon  Orientation 

Eight  ply  composite  panels  of  dimensions  38.1  x  127  mm  (1.5  x  5.0  in.)  were 
fabricated  utilizing  the  0.5w  overlap  pattern  with  ribbons  oriented  at  90°  to  the 
long  dimension  of  the  panel.  Specimens  6.35  mm  (0.25  in.)  in  width  were  cut 
from  the  panels  and  fiberglass  doublers  were  bonded  to  the  specimens  to  provide 
a  gage  section  of  50.8  mm  (2.0  in.).  Specimens  were  tested  in  tens ion- tension 
fatigue  with  a  maximum  to  minimum  stress  ratio  of  0.1.  The  test  parameters  and 
the  cycles  to  failure  are  listed  in  Table  39.  Also  included  are  several  static 
tension  tests  which  are  listed  as  1  cycle  failures. 

The  data  listed  in  Table  39  indicate  that  with  ribbons  oriented  at  90°  to 
the  tensile  axis,  the  composite  fatigue  resistance  is  similar  to  that  observed 
with  ribbons  oriented  at  0°  to  the  tensile  axis.  The  106  cycle  fatigue  limit 
was  achieved  for  a  maximum  stress  to  composite  strength  ratio,  omax/ac,  of  0.16. 
This  ratio  is  greater  than  that  observed  for  the  longitudinal  specimens  cut 
from  panels  but  is  less  than  that  observed  for  the  uncut  longitudinal  laminates. 

(3)  Summary 

The  fatigue  results  are  summarized  in  Fig.  67  as  a  plot  of  the  ratio  of 
°max  to  °c  as  a  function  of  cycles  to  failure  for  both  the  transverse  and  longi¬ 
tudinal  ribbon  orientation.  These  data  indicate  that  for  a  ribbon  volume  frac¬ 
tion  of  0.60  with  a  simple  overlap  pattern,  the  fatigue  limit  is  345  MPa  (50 
ksi)  for  the  longitudinal  orientation  while  the  fatigue  limit  is  138  MPa  (20 
ksi)  with  ribbons  oriented  transversely.  These  values  are  less  than  20%  of  the 
composite  static  strength.  In  comparison  with  fiber  reinforced  composites,  the 
fatigue  resistance  of  these  amorphous  metal  ribbon  reinforced  composites  is  low. 

Examination  of  the  fractured  specimens.  Fig.  68,  showed  that  the  fracture 
mode  was  similar  to  that  observed  in  static  tension.  Flat  fractures  perpen¬ 
dicular  to  the  tensile  axis  were  observed  with  failure  along  the  plane  of  weak¬ 
ness  for  the  transverse  specimens.  However,  delamination  and  a  step-like  frac¬ 
ture  surface  were  observed  for  the  longitudinal  laminates. 

g.  Assessment  of  Composite  Impact  Resistance  and  Fracture  Toughness 

Composite  Impact  resistance  and  fracture  toughness  were  assessed  utilizing 
the  instrumented  pendulum  impact  test.  The  test  apparatus  consisted  of  a 
standard  31.2  joule  (23  ft-lb)  capacity  pendulum  impact  machine  equipped  with 
an  instrumented  tup  which  permitted  the  generation  of  load-time  traces  describing 
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the  Impact  event.  Continuous  load  measurement  was  achieved  through  the  use  o£ 
strain  gages  mounted  on  the  tup  and  a  calibration  to  translate  strain  Into  load. 
The  strain  gage  output  la  monitored  on  an  oscilloscope  producing  a  load-time 
trace  which  was  then  photographically  recorded. 

The  composite  specimens  tested  were  all  non-standard  width  and  depth. 
However,  all  specimens  were  notched  in  accordance  with  the  specifications  of 
ASTM  standard  E-23  for  impact  testing  of  subslse  Charpy  specimens.  To  Insure 
uniform  impact  loading  for  specimens  of  different  depth,  shims  were  fabricated 
to  position  the  specimen  impact  face  properly  with  respect  to  the  bottom  of  the 
pendulum  swing. 

Composite  specimens  were  tested  with  ribbons  oriented  parallel  and  trans¬ 
verse  to  the  specimen  long  axis  and  are  referred  to  as  the  longitudinal  and 
transverse  orientation  respectively.  The  specimen  dimensions  were  nominally 
40  x  6.35  x  h  mm  (1.57  x  0.25  x  h  in.)  where  h  is  the  beam  depth.  For  the  longi¬ 
tudinal  orientation,  laminates  were  constructed  using  6.35  mm  (0.25  in.)  wide 
ribbon  to  beam  depths  of  1.59,  3.18,  and  6.35  mm  (0.062,  0.125,  0.250  in.). 

For  the  transverse  orientation,  a  24  ply  composite  panel  of  dimensions  38.1  x 
127  x  1.59  mm  (1.5  x  5  x  0.062  in.)  was  fabricated  utilizing  the  0.5w  overlap 
pattern  with  ribbons  oriented  at  90°  to  the  long  dimension  of  the  panel.  Speci¬ 
mens  of  the  appropriate  dimensions  were  cut  from  these  composite  panels  and 
notched  as  specified  in  the  standard.  Several  dummy  specimens  were  run  initially 
and  it  was  found  that  the  optimum  tup  velocity  was  1.06  m/sec  (3.48  ft/sec). 

This  eliminated  impulse  peaks  from  the  load- time  traces. 

A  summary  of  the  specimens  tested  at  a  tup  velocity  of  1.06  m/sec  (3.48 
ft/sec)  and  the  data  recorded  is  presented  in  Table  40.  Typical  load-time  traces 
obtained  for  the  various  specimen  geometries  are  shown  in  Figs.  69  and  70.  In¬ 
terpretation  of  the  Impact  response  of  composites  is  generally  complicated 
since  it  often  depends  on  specimen  geometry  and  the  resultant  imposed  stress 
state.  It  is  well  known  from  beam  theory  that  the  failure  mode  in  three  point 
bending  is  dependent  on  the  test  span-to-depth  ratio.  In  general,  for  high 
longitudinal  strength  composites,  tensile  failures  are  observed  at  large  span- 
to-depth  ratios  while  shear  failures  are  observed  at  low  span-to-depth  ratios. 
Thus,  the  Impact  energy  measured  can  depend  to  a  large  extent  on  the  test  span- 
to-depth  ratio.  To  assess  the  relative  role  of  this  phenomena  in  the  test 
results  reported,  the  maximum  flexural  stress  at  failure  was  calculated  using 
the  equation  omax  -  3/2  (PS/bh2)  where  P  is  the  load  at  failure,  S  is  the  span, 
b  is  the  beam  width,  and  h  is  beam  depth.  For  our  purpose,  the  net  beam  depth 
minus  the  notch  was  utilized. 
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The  values  of  maximum  flexural  stress  at  failure  are  compared  with  the 
energy  per  unit  area  absorbed  in  Table  41.  it  is  evident  that  the  test  span- 
to-depth,  S/h,  has  a  strong  influence  on  the  flexural  stress  at  failure.  For 
the  longitudinal  specimens,  as  S/h  decreased  from  31.5  to  7.95,  the  flexural 
stress  at  failure  decreased  from  1450  MPa  (210  ksi)  to  869  MPa  (126  ksi) .  This 
is  typically  observed  in  most  composite  systems  and  indicates  a  significant 
contribution  of  shear  failure  in  the  composites.  It  should  be  noted  that  the 
predicted  flexural  strength  of  the  beam  is  1540  MPa  (223  ksi)  based  on  a  ribbon 
strength  of  2560  MPa  (372  ksi)  measured  for  the  6.35  mm  (0.25  wide  ribbon.  This 
compares  reasonably  well  with  the  flexural  strength  determined  at  the  highest 
S/h.  Although  the  data  in  Table  41  indicated  a  change  in  the  stress  state  at 
failure  as  a  function  of  test  geometry,  the  energy  absorbed  per  net  section 
area  was  not  strongly  affected.  The  energy  per  unit  area  increased  approximately 
15%  over  the  same  range  of  S/h.  This  result  was  consistent  with  the  observed 
failure  mode.  All  specimens  exhibited  tensile  failure  of  ribbons  in  the  plane 
of  impact  with  very  little  interlaminar  failure  as  shown  in  Fig.  71. 

Presented  in  Fig.  72  is  a  comparison  of  the  effect  of  test  geometry  on  the 
impact  energy  between  the  longitudinally  reinforced  composite  and  unreinforced 
metals  tested  similarly  (Ref.  22).  The  data  for  the  composite  specimens  was 
normalized  to  the  same  specimen  width  as  the  alloys  assuming  a  linear  dependence 
of  impact  energy  on  specimen  width.  Both  the  notched  unreinforced  metals  and 
composite  specimens  exhibit  relatively  equivalent  dependence  of  energy  dissipated 
on  net  specimen  depth.  However,  the  composite  absorbs  equivalent  impact  energy 
only  at  the  smaller  net  specimen  depths  tested. 

With  the  ribbons  oriented  transversely,  an  average  flexural  strength  of 
869  MPa  (126  ksi)  was  measured.  This  correlates  with  a  calculated  tensile 
strength  of  869  MPa  (126  ksi)  for  the  composite  based  on  a  ribbon  strength  of 
2900  MPa  (420  ksi).  The  average  energy  per  unit  area  absorbed  for  the  trans¬ 
verse  specimen  was  56900  joule/m2  (27.1  ft-lb/in2)  compared  to  74500  joule/m2 
(35.4  ft-lb/in2)  for  longitudinal  specimens  of  the  same  test  geometry,  i.e.  S/h  * 
31.5.  Observation  of  the  fracture  surfaces  of  the  transverse  specimens.  Fig.  73, 
also  indicated  a  more  irregular  fracture  plane  in  comparison  with  the  longi¬ 
tudinal  specimens.  This  was  caused  by  a  certain  degree  of  ribbon  sliding  during 
fabrication  which  forced  the  crack  to  deviate  significantly  about  the  plane  of 
weakness.  This  factor  no  doubt  contributed  to  an  increase  in  energy  measured 
for  the  transverse  specimens.  Thus,  an  even  greater  difference  in  energy  ab¬ 
sorbed  between  the  two  orientations  would  be  expected  for  a  perfect  transverse 
lay-up. 

Finally,  as  a  measure  of  resistance  to  crack  growth,  values  of  Kjd  were 
calculated  for  the  composite  specimens.  These  data  are  listed  in  Table  42 
along  with  values  determined  for  Charpy  V-notch  specimens  of  T1-6A1-4V  and 
6061- T6  in  a  previous  investigation  (Ref,  22).  The  2826  MB/FM-1000  composites 
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longitudinally  reinforced  exhibit  a  fracture  toughness,  kID»  similar  to  that  ob¬ 
served  for  6061-T6  aluminum  alloy.  With  ribbons  in  the  transverse  orientation, 
the  fracture  toughness  is  half  that  observed  for  the  longitudinal  orientation. 

h.  Room  Temperature  Creep  Properties 

The  transverse  composite  creep  and  stress  rupture  properties  were  determined 
at  room  temperature.  Specimens  6.35  mm  (0.25  in.)  wide  were  cut  from  composite 
panels  of  dimensions  38.1  x  127  ms  (1.5  x  5.0  in.)  which  had  been  fabricated 
with  ribbons  oriented  transverse  to  the  long  axis.  Fiberglass  doublers  were 
bonded  to  the  specimen  ends  resulting  in  a  gage  section  of  50.8  mm  (2.0  in.). 
These  specimens  were  mounted  in  wedge  grips  and  loaded  in  uniaxial  tension  in 
lever  arm  creep  siachines. 

To  obtain  a  measure  of  the  composite  transverse  creep  behavior,  an  extens- 
ometer  was  mounted  on  the  gage  section  of  the  first  sample  tested,  and  the 
strain  was  monitored  as  a  function  of  time  for  several  stress  levels.  The  data 
obtained  are  shown  in  Fig.  74.  The  calculated  transverse  strength  of  the  speci¬ 
men  was  846  MPa  (123  ksi) .  Note  that  at  a  stress  level  of  690  MPa  (100  ksi) , 
the  creep  rate  was  4.9  x  10-6  hr-1.  At  a  stress  level  of  758  MPa  (110  ksi),  the 
creep  rate  increased  to  8.0  x  10-6  hr-1.  On  loading  the  composite  to  a  stress 
level  of  793  MPa  (115  ksi),  the  specimen  failed  in  0.25  hr.  There  was  no  indi¬ 
cation  of  an  accelerated  creep  rate  prior  to  failure  at  the  final  stress  level. 

Subsequently,  a  series  of  specimens  were  loaded  at  several  stress  levels 
and  the  time  to  failure  was  determined.  The  results  of  these  stress-rupture 
tests  are  listed  in  Table  43.  Also  listed  is  the  ratio  of  the  stress  level 
to  the  calculated  composite  strength.  Two  specimens  were  also  tensile  tested 
and  indicate  that  the  calculated  strengths  were  in  good  agreement  with  the  true 
composite  strength.  These  results  show  rupture  times  in  excess  of  100  hrs  were 
achieved  at  a  stress  level  equivalent  to  90%  of  the  composite  ultimate  tensile 
strength.  This  result  coupled  with  the  very  low  creep  rate  observed  indicates 
that  the  resistance  to  creep  is  high  at  room  temperature. 
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HI.  ASSESSMENT  OF  AMORPHOUS  RIBBON  REINFORCED 
RESIN  MATRIX  COMPOSITES 


The  results  of  this  investigation  have  demonstrated  that  amorphous  metal 
ribbon  properties  can  be  effectively  translated  into  a  resin  matrix  composite. 

The  utility  of  the  ribbon  format  was  also  demonstrated  since  transverse  to 
longitudinal  strength  and  modulus  ratios  approaching  unity  were  achieved  using 
currently  available  materials.  The  strength  and  modulus  properties  achieved 
could  be  readily  predicted  using  relatively  simple  models  coupled  with  existing 
theories.  Several  deficiencies  were  also  identified  and  directly  related  to 
the  use  of  amorphous  metal  ribbons  in  resin  matrices.  These  included  poor 
moisture  resistance,  low  composite  compression  strength,  and  poor  composite 
fatigue  properties. 

To  assess  the  performance  of  amorphous  metal  ribbon  reinforced  composites 
relative  to  fiber  reinforced  composites,  the  static  tensile  data  generated  in 
this  report,  as  well  as  properties  projected  for  future  amorphous  metal  ribbon 
materials,  were  compared  with  quasi- iso tropic  AS-3501  graphite/epoxy.  The  quasi¬ 
isotropic  properties  are  utilized  for  comparison  since  a  primary  advantage  of 
the  ribbon  reinforcement  is  composite  transverse  to  longitudinal  property  ratios 
which  approach  unity. 

Presented  in  Fig.  75  is  a  plot  of  composite  transverse  specific  strength 
as  a  function  of  ribbon  tensile  strength.  The  series  of  lines  drawn  on  the 
figure  correspond  to  composite  densities  of  3.0,  4.0,  5.0,  and  6.0  gm/cm3 
(0.108,  0.144,  0.180,  0.217  lb/in3).  Furthermore,  it  is  assumed  that  the 
ribbon  volume  fraction  is  0.60,  and  that  a  stacking  pattern  providing  a  75% 
ribbon  fracture  efficiency  is  achieved.  As  indicated  on  the  figure,  the  density 
of  titanium  base  ribbon  reinforced  composites  is  approximately  3.0  gm/cm3 
(0.108  lb/in3)  while  that  of  iron  base  ribbon  reinforced  composites  is  approxi¬ 
mately  5.0  gm/cm3  (0.180  lb/in3).  The  following  assessment  is  made  based  on 
the  use  of  such  ribbon  materials.  The  data  point  presented  as  current  tech¬ 
nology  represents  the  transverse  specific  properties  which  can  be  achieved 
using  currently  available  2826  MB  ribbon  material.  The  transverse  specific 
strength  of  composites  fabricated  using  this  system  is  only  15%  lower  than  that 
of  quasi- isotropic  AS-3501  graphite/epoxy.  It  should  be  noted  that  the  longi¬ 
tudinal  specific  strength  of  the  ribbon  reinforced  composite  exceeds  the  quasi¬ 
isotropic  graphite/epoxy.  Since  an  increase  in  iron  base  amorphous  metal 
ribbon  strength  to  3450  MPa  (500  ksi)  is  feasible,  the  potential  to  exceed  the 
specific  strength  of  quasi-isotropic  graphite/epoxy  exists.  From  the  standpoint 
of  using  titanium  base  ribbons,  current  ribbon  strength  is  approximately  1860 
MPa  (270  ksi).  Thus,  it  is  appatent  from  Fig.  75  that  if  titanium  base  ribbons 
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were  available  In  ribbon  widths  of  13  mm  (0.5  In),  so  that  the  desired  stacking 
pattern  could  be  constructed,  composite  transverse  specific  strength  equivalent 
to  quaal- iso tropic  graphite /epoxy  would  be  achieved.  Further  Improvements  in 
ribbon  tensile  strength  would  result  in  further  gains  in  specific  properties. 

In  summary,  this  analysis  indicates  that  composite  specific  strength  properties 
exceeding  those  of  quasi-isotropic  graphite/epoxy  can  be  achieved  using  either 
iron  base  or  titanium  base  ribbons  with  further  ribbon  development  work.  It  is 
evident  that  the  greatest  potential  for  improvement  lies  in  titanium  ribbon 
development. 

Presented  in  Fig.  76  is  a  plot  of  composite  transverse  specific  modulus  as 
a  function  of  ribbon  elastic  modulus.  The  assumptions  are  that  the  ribbon 
aspect  ratio,  w/t,  is  300,  ribbon  volume  fraction  is  0.60,  and  the  matrix  modulus 
is  0.2  Msi.  Note  that  the  composite  transverse  specific  modulus  using  either 
titanium  base  or  iron  base  ribbons  is  approximately  30%  lower  than  that  observed 
for  quasi-iso tropic  AS-3501  graphite/epoxy.  It  is  also  noted  that  composite 
longitudinal  modulus  is  essentially  equivalent  to  the  transverse  modulus  for 
ribbons  of  this  aspect  ratio.  This  deficiency  in  specific  modulus  is  one  which 
cannot  be  overcome  within  the  framework  of  existent  amorphous  metal  ribbon  tech¬ 
nology.  This  is  due  to  the  fact  that  the  elastic  modulus  to  density  ratio  of 
most  metallic  materials  is  invariant.  Thus,  improvements  in  ribbon  modulus  will 
be  achieved  concurrently  with  increases  in  density  so  that  improvement  in  specific 
modulus  properties  is  not  foreseen.  As  indicated  in  Fig.  76,  dramatic  improve¬ 
ments  in  specific  modulus  could  be  achieved  with  ceramic  ribbon  material.  How¬ 
ever,  the  difficulties  associated  with  processing,  handleability,  and  cost  make 
this  a  questionable  technology. 

Because  of  the  low  specific  modulus  of  amorphous  metal  ribbon  reinforced 
composites,  it  is  felt  that  these  composites  will  not  be  in  a  competitive  position 
for  most  traditional  composite  applications,  particularly  in  the  aerospace  indus¬ 
try.  The  advantages  of  the  composite  lie  in  the  high  biaxial  strength  proper¬ 
ties,  potential  low  cost,  and  perhaps  the  unusual  soft  magnetic  properties 
offered  by  the  ribbons.  Potential  composite  applications  will  probably  be 
limited.  A  summary  of  composite  mechanical  properties  demonstrated  in  this 
investigation,  as  compared  to  selected  engineering  materials,  is  presented  in 
Table  44. 
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Table  1 


Comparison  of  Unidirectionally  Reinforced 
Resin  Matrix  Composites 


a 

11 

E 

11 

<*22/01 : 

Tfa 

TksT)' 

■HFa 

^Msil 

Fiber  Reinforced  (UTRC 

data) 

AS  graphite/epoxy 

1450 

(210) 

117 

(17) 

0.043 

Boron/epoxy 

1460 

(212) 

207 

(30) 

0.062 

SiC/epoxy 

1410 

(205) 

221 

(32) 

0.045 

E-glass /epoxy 

1100 

(160) 

39.3 

(5.7) 

0.02 

Ribbon  Reinforced  (Ref.  11) 


E-glass /AF-42 
E-glass /surlyn  A652 
Graphite/nylon  6 


1140  (165)  39.3  (5.7)  0.56 

1050  (153)  37.2  (5.4)  0.45 

662  (96)  -  0.64 


Table  2 


Summary  of  Metal  Ribbon  Reinforced  Reain 
Matrix  Composites  Data 


0 

11 

E 

11 

a2z/an 

^22/^1: 

MPa 

(ksl) 

GPa 

(Mai) 

C  steel/epoxy 

(Ref. 

12) 

1210 

(175) 

120 

(17.4) 

0.60 

0.90 

302  SS/surlyn  A 

(Ref. 

9) 

690 

(100) 

117 

(17) 

0.60 

0.71 

Al/surlyn  A 

(Ref. 

10) 

165 

(24) 

41.3 

(6.0) 

0.79 

0.88 

Al/PV  butaryl 

(Ref. 

10) 

172 

(25) 

44.1 

(6.4) 

0.68 

0.94 

2605A/P-1700 

(Ref. 

13) 

1180 

(171) 

77.9 

(11.3) 

0.06 

0.54 

2826 /epon  828 

(Ref. 

14) 

669 

(97) 

51.7 

(7.5) 

0.12 

0.63 

Commercially  Available  Amorphous  Metal  Ribbons 
(Allied  Chemical) 


c 

o 


cs 

o 


U-l  -O 

O  S 


o 

2 

2  -S' 

C  9 
O 

a  co 


(0  4J 

u  eft  „ 

*H  3  4J 

C  H  # 

«  eft  01 

Si  > 

a  ft> 

a)  n  ft)  m 

6  >>  fl  w  4i 

4-»  ft)  «H  4J 

G  M  ^  ca  a 

0  ft)  CO  0  8 

.O  CL  CL  eft 

.o  o  cl  8  m 

Su  eft  o  <d 

a  -i  c_>  a 


u 

2 

*-»  ►> 
CO  T3 
C  9 
O  4J 
a  co 

ft}  M 
W  ft) 
•H  U 
03 

o 
a 
a  m 

O  eft 

u  a 


_  CO 
<4  ft) 
g  *H 

o  h  y 

■H  Cft  M 

U  U  ft) 

eft  *H  O- 

3  CO  O 

h  >,  y 

co  si  a 
>  a 

ft)  *-i 

0)  <o 

h  y  u 


O  eft 
j*  a  us 
co  a  o 

eo  O  ft) 
HOB 


u 


S> 

eft 

H 


ft) 

ft) 

00 

Os 

Os 

> 

■o 

t"- 

r*. 

rv 

•H 

eft 

s 

H 

Q 

Os 

cn 

eft 

ft) 

U 

Q 

00 

o 

V4 

PL. 

Si 

00 

00 

00 

o 

ft) 

M 

O 

■ — 

eft 

*H 

o 

o 

O 

ft) 

U 

CO 

cn 

o 

CO 

Cu 

so 

cn 

cn 

<2 

</> 

</> 

</> 

ft) 

X 

4J 

M 

/—S 

in 

Os 

s 

O 

4J 

T> 

*o 

m 

m 

00 

S-l 

*H 

ft) 

t-H 

• 

• 

• 

• 

■U 

w 

m 

o 

o 

00 

T3 

c 

ft) 

S~ ' 

w 

'w' 

ft) 

eft 

T3 

CS 

r-. 

vO 

CO 

3 

H 

00 

in 

cs 

CO 

o 

eft 

C' 

O 

• 

• 

• 

• 

SI 

y 

cs 

O 

o 

0 

cu 

g 

o 

c 

X) 

o 

X> 

•H 

■W 

■U 

u 

a 

ft) 

00 

4-» 

•tH 

<u 

•H 

3 

CO 

eft 

3 

T3 

*o 

rH 

O 

O 

u 

w 

e 

CO 

1 

1 

1 

E 

3 

i 

as 

as 

3 

sO 

*~S 

in 

✓“N 

/■“■v 

• 

in 

cs 

•H 

CS 

C 

cs 

rH 

m 

m 

•H 

• 

• 

• 

• 

s: 

s«/ 

o 

o 

o 

o 

4-J 

S— * 

s-/ 

>-✓ 

*o 

•H 

3 

m 

00 

o 

cs 

a 

m 

rH 

• 

• 

a 

• 

• 

cn 

cn 

vO 

cn 

rH 

rH 

U 
ft)  a 
M  O 
3  -H 
•U  4J 

8  ■» 

MU 

9 

c  a  | 

2  £ 


Si 


sf 

«* 

cn 

CS 


ft) 

£ 


in 

m 

<r 


l 

sO 


51 


Table  S 

Ribbon  Dimensional  Parameters 

Ribbon  Aspect  Cross  Sectional 


Source 

Width 

Thickness 

Ratio 

Area 

mm 

(in.) 

10” 3mm 

(10"3in.) 

(10“2mm2) 

( 10”  4  in2) 

Reel  n 

6.55 

(0.26) 

40.6 

(1.60) 

161 

26.6 

(4.13) 

Reel  n 

6.35 

(0.25) 

39.1 

(1.54) 

162 

24.8 

(3.84) 

Reel  #3 

6.35 

(0.25) 

39.4 

(1.55) 

161 

24.9 

(3.86) 

Reel  #4 

6.35 

(0.25) 

41.1 

(1.62) 

154 

26.1 

(4.04) 

Table  6 

Chemical  Composition  of  Ribbon  Cross  Sections 
Exhibiting  Varying  Strength 


Tensile 

Strength  Chemical  Composition,  at.  % 


Table  7 


Summary  of  Bond  Shear  Strengtha  for  Various  Bonding  Materials 
with  Solvent  Cleaned  2826  MB  Ribbon 


Bond  Strength 


Material 

Basic  Tvoe 

Supplier 

MPa 

l£2i! 

PR-286 

epoxy-liquid 

3M 

2.9 

(415) 

Epon  828 

epoxy-liquid 

Shell 

3.0 

(430) 

FR-7015 

epoxy-liquid 

Fiber  Resin  Corp. 

7.5 

(1090) 

FM~ 300u 

epoxy /nylon- fi lm 

American  Cyan amid 

30.8 

(4470) 

FM-1000 

epoxy /ny Ion- f i lm 

American  Cyanamid 

32.5* 

(4710) 

FM-1046 

epoxy /ny Ion- f i lm 

American  Cyanamid 

29.6** 

(4300) 

AF-42 

epoxy /nylon- fi lm 

3M 

28.4** 

(4120) 

EA-9649R 

epoxy /novalac- film 

Hysol 

13.4 

(1940) 

*100!  adherend  failures 
**80%  adherend  failures 


Cure  Cycles 
PR-286 

Epon  828/Sonite 

FR-7015 

FM-300U 

FW-1000 

FM-1046 

AF-42 

EA-9649R 


4  hrs  177°C  (350°F) 

2  hrs  100°C  (212°F),  2  hrs  150°C  (302°F),  2  hrs  130°C  (350°F) 
48  hrs  25°C  (77°F) 

1  hr  177°C  (350°F) 

If 

II 


II 


•I 


Table  8 


Summary  of  Bond  Shear  Strengths  for  Various  Ribbon  Surface 
Treatments  and  Bonding  Materials  with  2826  MB  Ribbon 


Bond  Material 

Ribbon  Treatment 

Bond  Shear 

PR-286- liquid 

Solvent  clean 

MPa 

2.86 

a.  2  part  acid 

4.25 

b.  3  part  base 

5.25 

Epon  828/Sonite-liquid 

Solvent  clean 

2.96 

a.  2  part  acid 

5.2 

b.  3  part  base 

11.3 

EA-9649R-film 

Solvent  clean 

13.3 

b.  3  part  base 

17.0 

c.  ME TEX  T-103 

16.6 

d.  METEX  S-1645 

10.9 

e.  METEX  M-629 

12.4 

f.  T-103/M-629 

12.7 

S  trength 
(psi) 
(415) 
(615) 
(760) 

(430) 

(750) 

(1640) 

(1930) 

(2470) 

(2410) 

(1580) 

(1800) 

(1840) 
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Table  9 

Summary  of  Adhesive  Films  Investigated 

Film 


Designation 

Supplier 

Type 

Thickness 

Curi 

mm 

(In) 

FM-1000 

American 
Cyan amid 

epoxy-nylon 

0.076 

(0.003) 

177°C 

FM-1046 

tl 

epoxy-nylon 

0.038 

(0.0015) 

177°C 

FM-150 

If 

epoxy-novalac 

0.23 

(0.009) 

177°C 

EA-9649R 

Hysol 

toughened  epoxy 
(epoxy-novalac  base) 

0.25 

(0.010) 

177°C 

AF-147 

3M 

toughened  epoxy 

0.23 

(0.009) 

177°C 

AF-163 

3M 

toughened  epoxy 

0.31 

(0.012) 

135°C 

Temp. 

(350°F) 

(350°F) 

(350°F) 

(350°F) 

(350°F) 

(275°F) 
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Table  10 


Results  of  Lap  Shear  Testing  Using  Various  Adhesive  Films 
with  Alkaline  Cleaned  2826  MB  Ribbon 


Matrix  Bond  Strength  Failure  Mode 


MPa 

(ksl) 

FM-1000 

34.2 

(5.0) 

Cohesive: 

ribbon  failure 

FM-1046 

31.4 

(4.6) 

75%  Cohesive: 

ribbon  failure 

FM-150 

16.7 

(2.4) 

Adhesive: 

ribbon/matrix  Interface 

EA-9649R 

17.0 

(2.5) 

Adhesive: 

ribbon/matrix  Interface 

AF-147 

33.2 

(4.8) 

Cohesive: 

matrix  failure 

AF-163 

35.6 

(5.2) 

Cohesive : 

ribbon  failure 

\: 

) 


r 


Table  11 

Curing  Characteristics  of  Adhesive  Films  Investigated  as 
Determined  Using  the  Audrey  Dielectric  Analyzer 


Initiation 


Adhesive 

Melting  Peak 

of  Gelation 

Gel 

Peak 

^C 

(°F) 

£c 

(°F) 

fc 

“£E 

FM-1000 

None 

- 

66 

(151) 

FM-1046 

None 

- 

112 

(234) 

FM-150 

114 

(237) 

175 

(347) 

177 

(350) 

EA-9649R 

80 

(176) 

157 

(315) 

177 

(350) 

AF-147 

70 

(158) 

134 

(273) 

177 

(350) 

AF-163 

95 

(203) 

108 

(226) 

121 

(250) 

58 


Table  12 


Hot  Praising  Procedures  Utilised  for  Preparing  Ribbon  Reinforced 
Laminates  Using  the  Indicated  Matrix  Materials 


Adhesive  Film 

Hot  Pressing  Schedule 

FM-1000 , 

FM-1046  * 

•  Apply  0.35  MPa  at  149 °C  (50  psi  at  300°F) 

•  Apply  0.69-1.38  MPa  at  163°C  (100-200  psi  at  3 

•  Hold  pressure  for  1  hr  at  177°C  (350°F) 

FM-150 

•  Initiate  pressure  application  to  remove 

excess  resin  at  127°C  (260°F) 

•  Press  to  stops  at  149°C  (300°F) 

•  Hold  for  1  hr  at  177°C  (350°F) 

EA-9649R 

•  Initiate  pressure  application  at  121°C  (250°F) 

•  Press  to  stops  at  135°C  (275°F) 

•  Hold  for  1  hr  at  177°C  (350°F) 

AF-147 

•  Initiate  pressure  application  at  107°C  (225°F) 

•  Press  to  stops  at  121°C  (250  F) 

.  Hold  for  1  hr  at  177°C  (350°F) 

AF-163 

•  Initiate  pressure  application  at  102  C  (215°F) 

•  Press  to  stops  at  104°C  (220°F) 

•  Hold  for  1  hr  at  135°C  (275°F) 

i 

l 

* 


£ 
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Table  13 


Interlaminar  Shear  Strength  of  60  Layer  Laminates  Tested 
in  Three  Point  Bend  at  Span/Depth  =  5 

Crosshead 

Shear  Stress,  x  Deflection 


Composite 

Matrix 

Vr 

75% 

Secant 

Maximum 

at 

Tmax 

MPa 

(ksi) 

MPa 

(ksi) 

mm 

(in) 

C3347 

FM-1000 

0.65 

51.4 

(7.45) 

75.9 

(11.0) 

3.25 

(.128) 

C3387 

FM-1000 

0.67 

50 

(7.25) 

ND 

ND 

C3372 

FM-1046 

0.57 

36.5 

(5.30) 

64.1 

(9.30) 

5.08 

(.200) 

C3388 

FM-1046 

0.68 

15.2 

(2.20) 

50.3 

(7.30) 

3.91 

(.154) 

C3358 

FM-150 

0.61 

84.8 

(12.3) 

84.8 

(12.3) 

0.61 

(.024) 

C3393 

EA-9649R 

0.61 

80 

(11.6) 

80 

(11.6) 

0.79 

(.031) 

C3368 

AF-147 

0.61 

56.4 

(8.18) 

68.3 

(9.90) 

1.78 

(.070) 

C3369 

AF-163 

0.58 

44.4 

(6.44) 

65 

(9.43)* 

3.30 

(.130) 

C3386 

AF-163 

0.78 

51.9 

(7.53) 

70.3 

(10.2) 

1.14 

(.045) 

ND  -  not  determined 
*  -  Ribbon  Failure 
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Table  14 


Tensile  Test  Results  for  2826  MB /FM- 1000  Composites  Comparing 
Solvent  Cleaned  and  Alkaline  Cleaned  Ribbon 


Ribbon 


Composite 

Treatment 

Orientation 

Vr* 

UTS 

Modulus 

MPa 

(ksi) 

GPa 

(mel) 

3301 

Alkaline 

Longitudinal 

0.34 

908 

(132) 

60.1 

(8.71) 

0.39 

1029 

(149) 

64 

(9.28) 

3300 

Alkaline 

Transverse 

0.39 

565 

(81.9) 

58.2 

(8.44) 

0.39 

554 

(80.4) 

56.4 

(8.18) 

3341 

Solvent 

Longitudinal 

0.40 

1206 

(175) 

68.4 

(9.92) 

0.36 

960 

(139) 

62.8 

(9.11) 

3346 

Solvent 

Transverse 

0.46 

683 

(99.1) 

65 

(9.43) 

0.46 

659 

(95.5) 

64.9 

(9.41) 

Calculated  from  density  measurements 


Failure 
S  train 
X 


1.58 

1.67 

1.15 

1.15 

1.80 

1.55 

1.25 

1.21 
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Tensile  Test  Results  for  2826  MB/FM-1000  Composites 


OJ 

u  p 
a 

•fH  V* 

(Q 

fn  in 


/~N 

/-V  ^ 

r“N 

/— s 

/“N 

/-\ 

/-N 

/— s 

o 

m 

in 

ON 

00 

<r  oo 

CM 

rH 

co 

rH 

00 

r-. 

•H 

>a- 

co 

oo 

O 

m 

CM 

-a-  rH 

ON 

•H 

<r 

• 

• 

CO 

tfl 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

• 

CO 

CO 

3 

3u 

r^- 

00 

sO 

00 

ON 

00  00 

ON 

ON 

ON 

ON 

rH 

rH 

00 

r—i 

s_x 

>w 

'w' 

w 

W  w 

W 

S^ 

' — / 

'w' 

v— ' 

0) 

3 

•*H 

T> 

•U 

O 

O 

vO 

CM 

ON 

r—i 

o 

CM 

'•a- 

00 

o 

Os 

rH 

r- 

s 

c0 

• 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

<11 

CX 

r—i 

rv 

00 

ON 

<r 

oo  \o 

00 

CM 

m 

m 

<r 

o. 

O 

o 

m 

<r 

m 

sO 

m  m 

sO 

vO 

sO 

sO 

ON 

O' 

>-* 

pu. 

0) 

/—N 

/■N  /-S 

/N 

u 

/~v 

/— > 

m 

as 

/-s 

/-v 

on  <r 

y-N 

*— « s 

m 

/"■N 

/-N 

•H 

*H 

rH 

• 

m 

CM 

ON 

•  • 

m 

ON 

• 

• 

sO 

rH 

Cft 

CO 

o 

r— 1 

CM 

CM 

CO 

<r 

S3  s 

co 

ON 

m 

<r 

<r 

o 

H 

H 

<r 

<r 

r—i 

H 

rH 

r-i 

ON 

ON 

rH 

rH 

cx 

cn 

'W' 

V-/ 

s-x 

v-' 

w 

v-/ ' 

S^ 

>«/  V 

'*S 

s-/ 

v-/ 

s 

H 

o 

S3 

u 

c0 

vO 

r- 

cn 

vO 

o 

O 

lA 

© 

o 

co 

ON 

o 

rH 

El 

CO 

vO 

Ov 

ON 

rH 

CO 

so  in 

rH 

SO 

00 

m 

rH 

r- 

2 

n* 

CM 

CM 

ON 

o 

m  m 

CM 

ON 

so 

sO 

o 

ON 

on 

CM 

rN  rH 

CM 

in 

rv 

rH  CO 

•a 

<r  oo 

00 

sO 

CO 

O 

•  • 

•  i 

•  • 

1 

1  • 

l  • 

• 

CO  cO 

CO 

CO  CO 

CO 

CO 

sr 

sO 

/■“N 

-r-N 

/-s 

r~s 

* 

o 

o 

CM 

CM 

CM 

CM 

CM 

u  p 

rH 

rH 

O 

O 

O 

O 

O 

P  fH 

• 

• 

• 

• 

• 

• 

• 

*H  s^ 

o 

o 

O 

o 

o 

o 

o 

O 

V«/ 

s-/ 

S-/ 

N-X 

S-/ 

s— ' 

'w' 

cO 

o>  _ 

CO  g 

m 

m 

m 

m 

m 

in 

m 

B 

• 

• 

• 

• 

• 

• 

• 

CM 

CM 

o 

o 

o 

o 

o 

sO 

o 

rH 

SO 

CM 

ON 

ON 

o 

o 

-a* 

'Cf 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

co 

CO 

CO 

62 


*metallographic  cross  section 
**s train  gage  debonded 


Table  16 


Summary  of  2826  MB  Ribbon  Tensile  Strength  Data  from  Reel 
Locations  Associated  with  Composite  Fabrication 


Ho.  of 
Specimens 

Reel  # 

Tensile 

Strength 

S  tandard 
Deviation 

Composite 

MPa 

(ksi) 

MPa 

(ksi) 

32 

1 

2480 

(360) 

206 

(29.9) 

3296,  3297 
3301 

15 

1 

2790 

(405) 

301 

(A3. 7) 

3341,  3342 

3300, 

3346 
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Comparison  of  Longitudinal  Tensile  Properties  with 
Rule  of  Mixture  Calculation 


Table  18 


Transverse  to  Longitudinal  Property  Ratios 
for  2826  MB/FM-1000  Composites 


3s_ 

a 

11 

o22 

E11 

CM 

CM 

W 

a22/°ll 

E22/Ell 

MPa~ 

(ksi) 

MPa 

(ksi) 

GPa  (Msi) 

GPa 

(Msi) 

0.33 

767 

(111) 

294 

(42.7) 

57.6  (8.36) 

48 

(6.96) 

0.38 

0.83 

0.39 

1030 

(149) 

560 

(81.2) 

64.1  (9.28) 

57.3 

(8.31) 

0.54 

0.90 

0.46 

1280 

(186)* 

671 

(97.3) 

76.1  (11.0) 

65 

(9.42) 

0.52 

0.86 

0.71 

1980 

(288)* 

989 

(144) 

117  (17.0) 

94.9 

(13.8) 

0.50 

0.77 

^calculated  from  rule  of  mixtures 
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2826  MB  Ribbon  Parameters  and  Calculated  Critical 
Transfer  Length  with  FM-1000  Adhesive  Film 
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Table  21 


Summary  of  2826  MB  Ribbon  Tensile  Strength  Data  from  Reel 
Locations  Associated  with  Composite  Fabrication 


Mo.  of 

Ribbon  Width 

Reel  // 

Specimens 

non 

(in) 

3.18 

(0.125) 

1PF375 

10 

6.35 

(0.25) 

4 

20 

6.35 

(0.25) 

2 

15 

13.0 

(0.51) 

1PF385 

15 

Tensile  Standard 

Strength  Deviation  Composite 


MPa 

(ksi) 

MPa 

(ksi) 

3010 

(436) 

87.2 

(12) 

3415 

2740 

(398) 

221 

(32.1) 

3396 

2560 

(372) 

227 

(32.9) 

3410 

2360 

(343) 

268 

(38.8) 

3418 

3419 

ry  of  Calculated  Conq>osite  Strength  and  Modulus  Ratios 
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Table  24 


Transverse  Tensile  Properties  for  2826  MB/PM-1046  Composites 


Stacking 


Conn>08ite 

Ribbon  Width 

Pattern 

vr 

UTS 

Modulus 

on 

(in) 

MPa 

(ksl) 

GPa 

(Mai) 

3423 

3.18 

(0.125) 

Fig.  32a 

0.51 

336 

(48.7) 

58.5 

(8.48) 

0.49 

306 

(44.4) 

52.9 

(7.68) 

3424 

3.18 

(0.125) 

0/90 

0.44 

600 

(87.0) 

64.7 

(9.38) 

0.42 

577 

(83.7) 

58.5 

(8.48) 

3435 

13.0 

(0.51) 

Fig.  39  b 

0.56 

852 

(124) 

69.1 

(10.0) 

0.57 

913 

(132) 

81.5 

(11.8) 

*8  train  gage  debonded 


t 

j; 

V 


Failure 

Strain 

X 

>1.0* 

>1.22* 

1.36 

1.46 

>1.08* 

1.02 


Table  25 


RaCio  of  Transverse  Composite  Tensile  Strength  to  Axial 
Unidirectional  Laminate  Composite  Tensile  Strength 


Composite 

Ribbon  Width 
mm  (in) 

Vr 

S  tacking 
Pattern 

°T/aLam 

Ei/ELam 

3423 

3.18  (0.125) 

0.50 

Fig.  33a 

0.21 

0.67 

3424 

3.18  (0.125) 

0.43 

0/90 

0.46 

0.86 

3421 

13.0  (0.51) 

0.63 

Fig.  39a 

0.76 

1.0 

3435 

13.0  (0.51) 

0.56 

Fig.  39b 

0.67 

0.80 

*Longi tudinal  properties  calculated  from  rule  of  mixtures 
Ribbon  strength  from  Table  XIX 
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Table  26 


Ribbon 

Orientation 


Longitudinal 


Transverse 


Average  Thermal  Expansion  Coefficients 
for  2826MB  Ribbon 


Initial  Final 


Run  it 

Temp. 

Temp  e 

a 

avg 

°C 

°c 

10“ 6  °c-1 

1 

22 

152 

9.08 

2 

24 

171 

9.56 

1 

25 

166 

10.75 

2 

26 

165 

11.70 
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Table  27 


Composite  Thermal  Expansion  Coefficients  as  a 
Function  of  Ribbon  Orientation 


Specimen 

Ribbon 

Orientation 

Initial 

Temp 

°C 

Final 

Temp 

“°C 

3500-0-2 

0° 

163 

26 

3500-0-3 

0° 

142 

26 

3500-45-1 

45° 

150 

28 

3500-45-2 

45° 

161 

29 

3500-90-1 

o 

o 

ON 

150 

28 

3500-90-2 

90° 

155 

28 

*specimen  delaminated 


Table  28 


Interlaminar  Shear  Properties  of 
2826  MB /FM- 1000  Laminates 


Specimen  # 

Density 

Vr 

Test  Temp 

Tmax 

gm/cm5  (lb/ in3) 

(°F) 

MPa 

(psi) 

3544-1 

5.29  (0.191) 

0.60 

21 

(70) 

48.9 

(7090) 

-2 

82 

(180) 

2.65 

(385) 

-3* 

21 

(70) 

47.9 

(6940) 

3545-1 

5.23  (0.189) 

0.59 

21 

(70) 

45.8 

(6640) 

-2 

82 

(180) 

2.70 

(392) 

-3* 

82 

(180) 

2.31 

(335) 

3546-1 

5.37  (0.194) 

0.61 

21 

(70) 

45.8 

(6640) 

-2 

82 

(180) 

2.61 

(378) 

-3* 

82 

(180) 

2.50 

(363) 

*Postcured  1  hr 

at  177°C  (350°F) 
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Composite  Tensile  Properties  with  Ribbons  Oriented 
at  0°  to  the  Tensile  Axis 


Table  31 


Specimen  # 


3503-1 

3503- 2 

3504- 2 
3504-3 
3504-4 
3504-5 
3509-2 
3509-3 
3503-4 
3503-5 
3509-5 
3503-3 
3509-1 
3509-4 


*8 train  gage 


Composite  Tensile  Properties  with  Ribbons  Oriented 
at  90°  to  the  Tensile  Axis 
Ribbon  Overlap  was  0.3w 


Vr 

Test  Temp 

UTS. 

022 

Modulus.  Eyy 

°C  (°F) 

MPa 

(ksi) 

GPa 

(Msi) 

0.63 

21  (70) 

943 

(137) 

76.2 

(11.0) 

0.64 

866 

(126) 

81.2 

(11.8) 

0.63 

932 

(135) 

92.1 

(13.4) 

0.65 

1040 

(151) 

89.6 

(13.0) 

0.65 

979 

(142) 

93.2 

(13.5) 

0.66 

982 

(142) 

- 

0.65 

965 

(140) 

83.2 

(12.1) 

0.64 

867 

(126) 

- 

0.64 

5  i 

*  (130) 

503 

(73.0) 

- 

0.65 

585 

(84.8) 

- 

0.63 

' 

443 

(64.2) 

- 

0.64 

82 

l  (180) 

270 

(39.2) 

- 

0.65 

239 

(34.6) 

- 

0.64 

217 

(31.5) 

- 

failure 


Failure 

Strain* 

Z 

>0.95* 

>1.37* 

>1.13* 

>1.28* 

>1.21* 

>0.74* 
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Tabl«  32 


Calculated  Transverse  to  Longitudinal  Strength  Ratios  at  70°F 


Specimen  # 

Vr 

q 

o* 

MPa 

(kai) 

3549-1 

0.55 

1590 

(231) 

3549-4 

0.57 

1650 

(239) 

3550-1 

0.60 

1740 

(252) 

3550-4 

0.60 

1740 

(252) 

3503-1 

0.63 

1830 

(265) 

3503-2 

0.64 

1850 

(269) 

3504-2 

0.63 

1830 

(265) 

3504-3 

0.65 

1880 

(273) 

3504-4 

0.65 

1880 

(273) 

3504-5 

0.66 

1910 

(277) 

3509-2 

0.65 

1880 

(273) 

3509-3 

0.64 

1850 

(269) 

Overlap 


090 

O90/O0 

Pattern 

MPa 

(ksl) 

790 

(115) 

0.50 

0. 

,5w 

787 

(114) 

0.48 

818 

(119) 

0.47 

829 

(120) 

0.48 

943 

(137) 

0.52 

0. 

,  3w 

866 

(126) 

0.47 

932 

(135) 

0.51 

1040 

(151) 

0.55 

979 

(142) 

0.52 

982 

(142) 

0.51 

965 

(140) 

0.51 

867 

(126) 

0.47 

ftsimple  rule  of  mixtures  assuming  or 


2900  MPa 


Table  33 


Composite  Tensile  Properties  with  Ribbons  Oriented  at  45° 
to  the  Tensile  Axis,  Ribbon  Overlap  was  O.Sw 


Failure 


Specimen  # 

vr 

Test  Temp. 

UTS. 

0 

Modulus.  E 

Strain 

°C 

<°F) 

MPa 

(tsi) 

GPa  (Msi) 

Z 

3551-2 

0.47 

21 

(70) 

732 

(106) 

80.9  (11.7) 

0.98 

3551-5 

0.48 

21 

(70) 

664 

(96.3) 

84.8  (12.3) 

0.83 

3551-8 

0.52 

21 

(70) 

791 

(115) 

110  (16.0) 

0.68 

3551-11 

0.54 

21 

(70) 

654 

(109) 

117  (17.0) 

0.64 

3551-3 

0.47 

54 

(130) 

624 

(90.6) 

- 

- 

3551-6 

0.50 

54 

(130) 

506 

(73.4) 

- 

- 

3551-9 

0.52 

54 

(130) 

575 

(83.4) 

- 

- 

3551-4 

0.49 

82 

(180) 

328 

(47.5) 

- 

- 

3551-7 

0.51 

82 

(180) 

318 

(46.1) 

- 

- 

3551-10 

0.55 

82 

(180) 

409 

(59.3) 

- 

- 

3551-1  (90°) 

0.50 

21 

(70) 

724 

(105) 

_ 

_ 

80 


Table  34 


Composite  Tensile  Properties  with  Ribbons  Oriented  at 
45°  to  the  Tensile  Axis,  Ribbon  Overlap  was  0.3w 


Failure 


Specimen  # 

Vr 

Test  Temp. 

UTS. 

a 

Modulus.  E 

Strain 

°C 

<°F) 

MPa 

(ksi) 

GPa 

(Msi) 

X 

3488-1 

0.60 

21 

(70) 

1120 

(162) 

83.3 

(12.1) 

1.42 

3488-4 

0.60 

21 

(70) 

1220 

(177) 

92.4 

(13.4) 

1.44 

3488-5 

0.60 

21 

(70) 

1110 

(161) 

106 

(15.4) 

1.05 

3488-6 

0.60 

21 

(70) 

1040 

(151) 

80.3 

(11.6) 

>1.42* 

3488-7 

0.58 

54 

(130) 

604 

(87.5) 

- 

- 

3488-8 

0.58 

54 

(130) 

569 

(82.6) 

- 

- 

3488-10 

0.58 

54 

(130) 

578 

(83.8) 

- 

- 

3488-2 

0.60 

82 

(180) 

370 

(53.7) 

- 

- 

3488-3 

0.60 

82 

(180) 

334 

(48.4) 

- 

- 

3488-11(90°) 

0.60 

21 

(70) 

750 

(124) 

89 

(12.9) 

1.02 

*s train  gage  failure 


Table  35 


Transverse  Tensile  Strength  efter  Thermal  Fatigue 


Specimen  If 

Density 

Vr 

UTS 

Predicted 

UTS* 

(gm/cm') 

MPa 

(kai) 

MPa 

(ksi) 

3605-1 

5.28 

0.60 

881 

(128) 

869 

(126) 

-2 

5.48 

0.63 

842 

(122) 

910 

(132) 

-3 

5.90 

0.69 

995 

(144) 

1000 

(145) 

-4 

5.69 

0.66 

958 

(139) 

958 

(139) 

-5 

5.39 

0.62 

892 

(129) 

896 

(130) 

Avg 

913 

(132) 

927 

(134) 

*  a  ■  0.5  or  Vr,  aR  *  2900  MPa  (420  ksi) 
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Tab la  36 

Trans  vara*  Tanaile  Strength  after  Expoeure  to  Moiatura 


Specimen  # 


Density 


Predicted 

UTS* 


(gm/cm3) 

MPa 

(kai) 

MPa 

(kai) 

3602-1 

5.46 

0.63 

138 

(20.1) 

910 

(132) 

-2 

5.62 

0.65 

193 

(28.0) 

945 

(137) 

-3 

5.62 

0.65 

174 

(25.2) 

945 

(137) 

-4 

5.39 

0.62 

93.1 

(13.5) 

896 

(130) 

*o-0.5  or  Vr,  or  -  2900  MPa  (420  kai) 
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Results  of  Tens ion- Tens Ion  Fatigue  Testing  at  Room  Temperature 
Ribbons  Oriented  at  90°  to  the  Tensile  Axis 


OOO^OOnOvO^OO 
yOtninNNNHHHO 
•  ••••••••• 

oooooooooo 


* 

«  « 
«  «  « 

«  «  « 

or^<rooooooo 

NHiANOO'^MO't 
r^.  ^  on  N  >  vO 

•  aaaaaaeaa 

N  O  ^  O'  O'  ^  H 

H  (S  H  H  (S  O 

am* 

H  H  N 


§  ID  ^ 

3  «  w 

a  at 

•H  W 

0  ^ 

33  w  « 

& 


■H  CNOOOmu-iOOOO 

(0  ••••••##•• 

M  r^vOvOrOCMCMCNCNCNfH 


vO^^NNNOOOOOOO 

•  ••••••••OH 

OH»HrHor^r^mmm  • 


cMooommoooo 

NvOvOnNNMNNH 


sO^^^NNCOOOOO  • 


O'  O'  O'  OOiHOOCMO 
in  m  lO  vO  v©  h0  vO  NO  nO  nO 
•  ••••••••• 

oooooooooo 


OOOO'^^O'O'QO' 
NNNNNfONN^N 
•  ••••••••• 


H  N  O' 
H  CM  H 


m  no  n 

NO  N  (M 

r*.  oo  oo 


O'  O'  o 
m  m  vO 


o  o  o> 

N  N  N 


HnmH{N|inNinsr'| 

tnmvnmoo'nmo^ 
m  >n  <n  m  o  <o  in  <o  in 
co  (^  <*)  co  n  ro  n  n  n  cn 


IT? 

n  <n  no 
m  m  m 
m  m  m 
n  n  n 


i 


Results  of  Instrumented  Impact  Testing 
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Effect  of  Test  Span  to  Depth  on  Energy  per  Unit  Area  Absorbed 
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Table  43 


Room  Temperature  Stress-Rupture  Data-Transverse 
Ribbon  Orientation 


Specimen 

Vr 

Creep 

Stress 

Rupture 

Time 

Calculated 

UTS*** 

°creep/°UTS 

MPa 

(ksi) 

hr 

MPa 

(ksi) 

3601-1 

0.66 

690 

(100) 

>600* 

958 

(139) 

0.72 

3607-1 

0.65 

827 

(120) 

369 

945 

(137) 

0.88 

3607-2 

0.60 

793 

(115) 

162 

869 

(126) 

0.91 

3601-3 

0.64 

896 

(130) 

2.7 

924 

(134) 

0.97 

3607-3 

0.63 

862 

(125) 

0** 

910 

(132) 

0.95 

3601-2 

0.66 

UTS 

=  1000  MPa  (145  ksi)  958 

(139) 

- 

3601-4 

0.61 

UTS 

=  910  MPa  (132  ksi) 

883 

(128) 

- 

*  no  failure 

**  failed  on  loading 

***  0{.  >  0.5  or  Vr 
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Table  44 


°22  =  CTrV,(1  -  £  ,/w)  +  O 


Figure  3.  o ^  cv ,  vs  Ribbon  Aspect  Ratio  Calculated  for  Several  Ribbon/Matrix  Bond  Strengths, 


U  Ubrnm 


Figure  4.  Optical  Micrographs  of  Ribbon  Cross  Sections.  Nominal 
Ribbon  Thickness  is  0.05  mm  (0.002  in) 


78  10  HO  1 


AVG.  UTS 


AS-RECEIVED 


CUMULATIVE  PERCENT  FAILED 

Figure  7.  Effect  of  Elevated  Temperature  Exposure  on  Tensile  Strength 


LOCATION  ON  REEL 


(SPECIMENS  TAKEN  FROM  BOTH  ENDS  OF  THE  REELS) 


Figure  10.  Optical  Micrographs  of  Ribbon  Cross  Sections 
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Figure  12.  Scanning  Electron  Micrographs  of  Low  Strength  Ribbon  Fracture  Surfaces 
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Figure  13.  Scanning  Electron  Micrograph  of  Low  Strength  Ribbon  Fracture  Surface.  Arrows 
Indicate  Areas  of  Plastic  Deformation  Characteristic  of  Ductile  Fracture 
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Scanning  Electron  Micrographs  of  High  Strength  Ribbon  Fracture  Surfaces 
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Figure  15.  Scanning  Electron  Micrographs  of  High  Strength  Ribbon  Fracture 
Surface  Showing  Area  of  Extensive  Plastic  Deformation 
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Figure  16.  Schematic  of  Single  Lap  Shear  Specimen 
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COHESIVE 


B.  COHESIVE 


; - 

ivi  .■■•■■•i  ..-4 


ADHESIVE 


D.  PARTIAL  ADHESIVE,  PARTIAL  COHESIVE 


Figure  17.  Cohesive  end  Adhesive  Bond  Failure  Modes 
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Behavior  of  Epoxy  Based  Adhesive  Films 
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Figure  20.  Curing  Behavior  of  AF-163  Adhesive  Film 


FM-1 50(0.61) 
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Figure  23.  2826MB/FM-1000  Tape 


Figure  24.  Schematic  Cross  Section  of  Ribbon  Layup  Pattern  Used  in  Composite  Fabrication 
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a)  RIBBON  PULLOUT 
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Figure  26.  Transverse  Tensile  Fracture  Surfaces.  2.5  mm  in-ply  Ribbon  Spacing. 
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Figure  27.  Transverse  Tensile  Fracture  Surfaces.  2.5  mm  in-ply  Ribbon 
Spacing.  Ribbon  Fracture  Observed. 
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D.  0.2W  OVERLAP:  fbr  “0.75  FOR  X  AND  0.80  FOR  Y 

Figure  33.  Schematic  Trenivene  Composite  Cross  Sections  with  Expected  Frecture  Plane  Indicated. 
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Figure  34.  Transverse  Tensile  Failure  Showing  Ribbon  Pullout  — 
Ribbon  Width  is  3.18  mm 
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Figure  37.  Fracture  Surface  of  Composite  Constructed  with  0.2  W  Ribbon  Overlap 


128 


ntation 


Composite  Thermal  Expansion  Behavior  —  90°  Ribbon  Orientation 
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Figure  48.  Load-Deflection  Curves  for  2826MB/FM1000  Composite* 
Tested  in  3  Point  Bend  at  S/h  *  5 
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Figure  52.  Longitudinal  Tensile  Fractures  —  Testing  at  Room  Temperature 


FRACTION  OF  ROOM  TEMPERATURE  TENSILE  STRENGTH  RETAINED 
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Figure  $3  Effect  of  Test  Temperature  on  Transverse  Tensile  Properties 
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a)  TEST  TEMPERATURE  =  54  ®C  (130°F) 


b)  TEST  TEMPERATURE  =  82  °C  (1 80  °F) 


Figure  55.  Transverse  Tensile  Fractures  —  Ribbon  Overlap  was  0.3  W 
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a)  STRAIN  GAGES  00  NOT  OVERUY  A  RIBBON  GAP 


b)  ONE  STRAIN  GAGE  OVERLAYS  A  RIBBON  GAP 


Figure  56.  Schematic  Diagrams  of  Strain  Gage  Pair  Locations 
for  Transverse  Tensile  Test 
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FRACTION  OF  ROOM  TEMPERATURE  TENSILE  STRENGTH  RETAINED 
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Figure  63  Thermal  Cycle  Utilized  for  Thermal  Fatigue  Test 
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Figure  65  Compression  Stress-Strain  Curve  for  0  s  Ribbon  Orientation 
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Figure  66.  Compression  Stress-Strain  Curve  for  90°  Ribbon  Orientation 
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Figure  69.  Instrumented  impact  aces 
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Figure  70  Instrumented  Impact  Traces 
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Figure  71.  Impact  Specimens  —  Longitudinal  Laminates 
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Figure  72.  Energy  Dissipated  as  a  Function  ot  Specimen  Geometry 
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Figure  73.  Impact  Specimens  —  Transverse  Ribbon  Orientation 
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Figure  74  Room  Temperature  Creep  Behavior  —  Transverse  Ribbon  Orientation 
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RIBBON  TENSILE  STRENGTH,  ksi 


Figure  75  Aeseesment  of  Composite  Transverse  Specific  Strength 
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COMPOSITE  TRANSVERSE  SPECIFIC  MODULUS, 
E22/P,  10®  in. 


Figure  76  Assessment  of  Composite  Transverse  Specific  Modulus 
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